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      This thesis described the ability of the dibenzylammonium ion to be encircled 
with crown ethers having less than 24 atoms. It also highlighted the affectivity of a 
small trifluoromethyl group to act as stopper in a [2]rotaxane interlocked with 
[20]crown ether. The synthesis of a well-defined, homogeneous, kinetically and 
thermodynamically stable [5]molecular necklace has also been discussed. 
      Chapter 1 presents a brief overview of the supramolecular phenomenon existing in 
nature and harnessing the same in chemical systems to obtain inclusion complexes. 
The journey from inclusion complexes to the mechanically interlocked structures with 
particular emphasis on the template-directed synthesis of mechanically interlocked 
structures has been described. The plethora of complimentary synthons available for 
constructing mechanically interlocked structures has been described briefly except for 
ammonium-crown ether synthons whose progress is discussed much more elaborately. 
      In chapter 2, the synthesis of [2]rotaxanes with dibenzylammonium ion dumbbell 
and [20]-, [21]-, [22]crown ethers will be described. The generation of 1:1 
pseudo[2]rotaxanes by threading dibenzylammonium ion dumbbell with [23]crown 
ethers will also be discussed. 
      In chapter 3, the attempts to synthesize [2]rotaxane on dibenzylammonium ion 
motif by encircling [19]crown ether has been described. The choice of different 
dumbbells and acyclic diolefin polyethers for this purpose has been properly 
reasoned. 
      In chapter 4, the clipping of [20]crown ether on dialkylammonium and N-
benzylalkylammonium dumbbells have been described. The successful synthesis and 
IX 
 
isolation of [2]rotaxane on N-benzylalkylammonium dumbbell having trifluoromethyl 
stopper group and [20]crown ether macrocycle will be discussed. 
      In chapter 5, the synthesis of a well-defined, homogeneous, kinetically and 
thermodynamically stable [5]molecular necklace utilizing “threading-followed-by-
ring-closing-metathesis” protocol will be described. The careful choice and synthesis 
of a thread containing four dibenzylammonium ions with olefin at both ends will be 
described whose threading with excess DB24C8 followed with ring closing 
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1.1 Supramolecular Phenomenon 
      Living organisms are built of highly organized assemblies of organic molecules 
performing very efficiently specific tasks of enormous complexity. These assemblies 
are characterized by high level of organization and considerable mobility. These 
organizations are governed by molecular recognition, self-organization and self-
assembly. The molecular recognition is a process which involves selective binding of 
one substrate out of many available substrates by a given receptor molecule. This 
selectivity is achieved by various weak intermolecular interactions such as hydrogen 
bonding, ion-ion, ion-induced dipole, dipole-dipole, π-π stacking and van der Waals 
interactions. For the selective and effective binding of substrate molecule, the receptor 
molecule often has to undergo conformational change which is known as self-
organization. The molecular recognition of the substrate by the receptor induces self-
organization of the receptor, which makes it feasible for the substrate and the receptor 
to assemble together in a manner that enhances the favourable weak intermolecular 
interactions, consequently lowering the energy of the assembled species. This 
phenomenon is known as self-assembly, which is probably responsible for the 
emergence of life. The molecular recognition, self-organization and self-assembly 
together constitute supramolecular phenomenon, and the assemblies formed as a 
result are known as supramolecular assemblies. 
1.2 Self-Assembly in Biological Systems 




      The self-assembly of the DNA double helix from two complementary single-
stranded oligonucleotides is perhaps the most well known and intensively studied 
self-assembly process in nature. The complementary strands in double helix are held 
together mainly by hydrogen bonds between complementary base pairs adenine-
thymine and guanine-cytosine
1
 inside the helix and the Van der Waals base-stacking
2
 
interactions. Although these intermolecular interactions are weak, the cumulative 
effect of the large number of these interactions is significant, which helps to stabilize 
the overall self-assembled helical structure. 
      Another interesting example is the tobacco mosaic virus
3
 (TMV), a helical virus 
particle 300 nm in length and 18 nm in diameter. This viral particle is composed of a 
single strand of ribonucleic acid, RNA, covered by a helical sheath formed from 2130 
identical protein units. This self-assembled species making use of numerous weak 
interactions in the association of protein units around RNA can not only be split into 
its component forms by the application of physical or chemical stimuli
4
 but can also 
be recomposed in vitro, that is in test tube by manoeuvring the concentration, time 
and pH exemplifying the existence of supramolecular phenomenon in nature. 
1.3 Self-Assembly in Chemical Systems 
      The realization of the cumulative effects of weak non-covalent interactions along 
with the practical limitation of the “engineering down” approach5 in the field of 
nanotechnology, gave chemists the impetus to emulate these non-covalent interactions 
in chemical systems, giving rise to a new field of chemistry, known as supramolecular 
chemistry.
6
 Supramolecular chemistry utilizing non-covalently assisted interactions 
led to the development of the host-guest chemistry.
7
 Taking a cue from the host/guest 
components forming inclusion complexes, the chemists realised the potential of the 
template-directed
8
 approach for the synthesis of various kinds of mechanically 















 and Solomon links.
14
 The last two decades witnessed 
overwhelming reports on the template-directed synthesis of catenanes and rotaxanes 
because they are topologically the simplest and the smallest unit for nanoscale devices 











 and controlled drug release.
20
 Catenanes are 
molecules which contain two or more interlocked rings, which are inseparable without 
the breaking of a covalent bond. Rotaxanes are molecules comprised of a dumbbell-
shaped component, in the form of a rod and two bulky stopper groups, around which 
there are encircling macrocyclic component(s). 
      We focussed mainly on the template-directed synthesis of rotaxanes, which can be 







 and active metal
24
 (Figure 1.1). For constructing rotaxanes, the 
template-directed strategy assembles the complimentary recognition motifs in the 
thermodynamically favourable geometry which have been covalently captured either 
by kinetically controlled or thermodynamically controlled reactions. Kinetically 
controlled reactions are irreversible and the product distributions depend only on the 
free energy differences between the transition states leading to the products. For the 
kinetically driven covalent capture reactions,
25
 lower yield of the desired product 
coupled with the separation of undesirable oligomeric by-products necessitated the 
introduction of dynamic covalent chemistry (DCC).
26
 





Figure 1.1 Conceptual approaches for the synthesis of a [2]rotaxane by methods: A) 
Threading-followed-by-stoppering, B) Slippage, C) Clipping, and D) Active metal. 
      DCC refers to the reversible chemical reactions, involving making and breaking of 
chemical bonds under thermodynamic control. The reversible nature of the reactions 
make it suitable for the synthesis of interlocked molecules as there lays the scope for 
“error checking” and “proof-reading” into the synthetic process which will eventually 
result in the formation of thermodynamically the most stable and desirable interlocked 
molecule. The reversible covalent steps such as imine bond 
formation/exchange,
21b,23b,27
 and olefin metathesis
23c,28
 have been widely used for 
generating interlocked structures. Therefore, the template-directed approach used in 
conjunction with DCC is gaining rapid popularity. 
      The template-directed approach utilized a diverse range of complementary 
recognition motifs based on different kinds of non-covalent interactions, of which the 
most prominent are the hydrophobic interactions (Cyclodextrin and Cucurbituril), 
coordinations of suitably functionalized ligands to metal, π-donor-acceptor 




interactions, amide-based hydrogen bond interactions, and ammonium-based 
hydrogen bond interactions.  
      We utilized the ammonium-based hydrogen bonding interactions in the form of 
crown ether and secondary ammonium ions (R2NH2
+
) along with the olefin metathesis 
(DCC) for the final interlocking step. Therefore, brief descriptions of all the 
prominent template-directed strategies utilized for rotaxane formation have been 
given, whereas a much more elaborate account of the progress of ammonium-crown 
ether template is provided. 
1.3.1 Cyclodextrins 
      Cyclodextrins are cyclic oligosaccharides which have a rigid, cylindrical, 
hydrophobic cavity capable of binding guest molecules of all types. The principal 
binding interaction in a cyclodextrin-guest complex is most likely a summation of 





 and the release of “high-energy water”30 from the cavity. In 1981, Ogino 
reported the first well-characterized cyclodextrin-based [2]rotaxanes,
31 
by threading 
diaminoalkanes (axle) through α- and β-cyclodextrins, followed by addition of cis-
[CoCl2(en)2]Cl to stopper the axle (Scheme 1.1).  





Scheme 1.1 Preparation of cyclodextrin-based [2]rotaxanes with metalloorganic stoppers 
using a threading-followed-by-stoppering procedure.31 
      Yamanari and Shimura,
32
 also obtained a [2]rotaxane using a similar approach 
with α-cyclodextrin and similar dumbbell component but with a thiol coordinated 
stopper. Likewise, a variety of threads and stoppers were employed for constructing 
[2]rotaxanes with α- and/or β- cyclodextrins as macrocycles, few of them33 are 
represented in Figure 1.2. The enormous potential that lies with cyclodextrin 









Figure 1.2 Molecular structure of β-cyclodextrin-based [2]rotaxanes, templated on A) 
biphenyl33a and B) bipyridinium.33d 





      Cucurbiturils (CB) are macrocyclic compounds, self-assembled from an acid-
catalysed condensation reaction of glycouril and formaldehyde. The size of the cavity 
and the hydrophobic interior provides a potential site for the inclusion of hydrocarbon 
molecules. Moreover, the polar carbonyl groups at the portals allow ions and 
molecules to be bound by charge-dipole and hydrogen bonding interactions. The first 
CB-based [2]rotaxane
37
 was synthesized by threading CB[6] with spermine followed 
by attaching dinitrophenyl groups at the end (Scheme 1.2).  
 
Scheme 1.2 Preparation of CB[6]-based [2]rotaxane by threading-followed-by-stoppering 
approach.37 
      Buschmann et al. also reported
38
 [2]rotaxanes on spermine and CB[6] but with a 
variety of stoppers attached by amidification at the termini of spermine. The report
39
 
on rate enhancement of dipolar cycloadditions (click chemistry) inside the cavity of 
CB[6] triggered preparation of CB[6]-based rotaxanes and polyrotaxanes by click 
chemistry,
40
 the method is similar to the active metal template synthesis (Figure 1.1D) 
except no metal being used. The affectivity of CB[n] (n= 6, 7 and 8) series as bead is 












 and molecular machines.
46
  
1.3.3 Metal Ions 
1.3.3.1 Passive Templation 




      The ability of the metal ions to form coordination bonds with preferred geometry 
have been exploited to pre-organise ligands in a well-defined cross-over geometry, 
followed with covalent capture and demetallation to obtain the stable interlocked 
structures. 
1.3.3.1.1 Tetrahedral Geometries  
      The preference of copper(I) ions for tetrahedral coordination geometry  have been 
manoeuvred to obtain a pseudo[2]rotaxane, where the copper(I) ion was tetrahedrally 
coordinated with two dpp (dpp= 2,9-diphenyl-1,10-phenanthroline) moiety (Scheme 
1.3). The terminal phenolic group was stoppered with bulky triarylmethyl groups 




Scheme 1.3 Synthesis of the first metal template [2]rotaxane by metal-directed threading-
followed-by-stoppering approach.47 
      Subsequently, a [2]rotaxane based on Cu
I
(dpp)2 pseudorotaxane system having a 
different stopper (porphyrin) group was reported by Sauvage et al..
48




 have also been synthesized by stoppering Cu
I
(dpp)2 
pseudorotaxanes with porphyrin groups. Fullerene-stoppered [2]rotaxane using 
Cu
I
(dpp)2 pseudorotaxanes were also reported.
51
 Saito et al. used Cu
I
(dpp)2 template 
to prepare a series of [2]rotaxanes with varying ring size of the macrocycles.
52
 
Swager’s group used CuI(bpy)(dpp) (bpy= 2,2’-bipyridine) based pseudo[2]rotaxanes 




(replacing one dpp unit with bpy unit however the tetrahedral geometry at the 





 to obtain [2]rotaxanes in high yield. Likewise, 
Sauvage et al. used Cu
I
(bpy)(dpp) template to synthesize [3]rotaxanes
54
 and a cyclic 
[4]rotaxane.
55





(dpp)2 templates are shown in Figure 1.3.  
 
Figure 1.3 Molecular structure of [2]rotaxanes based on A) CuI(bpy)(dpp) template,53a and 
B) CuI(dpp)2 template.
52 
      The tetrahedral geometry adopted by copper complex, containing copper(I) ion 
coordinated with dpp  and/or bpy, have also been used for the synthesis of other kinds 
of interlocked structures such as catenanes,
56
 and molecular shuttles.
57
 
1.3.3.1.2 Octahedral Geometries 
      Leigh et al. discovered a general ligand system involving soft divalent metal ions 
preferring octahedral geometry to construct [2]rotaxanes (Figure 1.4A) in good-to-
excellent yields,
58 
although the first example for octahedral metal ion (Ru
II
) templated 
synthesis of [2]rotaxane (Figure 1.4B) was reported by Sauvage et al.
59
 In the 
presence of bis-amine macrocycle and an appropriate divalent metal ion, [2]rotaxanes 
were formed by imine bond formation (DCC) between stopper aniline and 2,6-






 very similar to active metal approach (Figure 1.1D) 
except the metal atom cannot be recycled. Likewise the harder, trivalent, octahedral 
cobalt metal ion (Co
III
) intertwines the ligands, which is converted to [2]rotaxane 
(Figure 1.4C)
60
 by clipping method (in this case ring-closing-olefin-metathesis, DCC). 
 
Figure 1.4 A) Schematic representation for general ligand system forming [2]rotaxanes with 
soft metal ions (MII).58 Molecular structure of [2]rotaxanes based on B) RuII template59 and C) 
CoIII template.60
 





 and doubly-threaded complex
63
 were also reported. 
1.3.3.1.3 Square Planar Geometries 
      A square planar geometry is preferred by palladium(II) ion which served as 











-coordinated pyridine-2,6-dicarboxamide ligand (having terminal olefins) to 
complex with pyridine-based dumbbell followed by ring-closing olefin metathesis 





used threading-followed-by-stoppering method to generate [2]rotaxanes. The robust 
nature of square-planar methodology due to the exceptional kinetic stability of Pd
II
 




complexes, saw them being used in the synthesis of rotaxanes with multiple rings 
(such as [4]rotaxane, Figure 1.5B) by repetitious use of a single template site on 
axle.
23i,67




Figure 1.5 Based on PdII ion template: A) Schematic representation of the formation of 
[2]rotaxane by clipping method,64 B) Molecular structure of [4]rotaxane obtained by clipping 
method,67 and C) [2]rotaxane obtained by threading-followed-by-stoppering method.66 




 and molecular shuttles
69
 
have also been synthesized. 
1.3.3.2 Active Templation 
      In active metal template synthesis, the metal ion apart from assembling the ligands 
in well-defined cross-over geometry also facilitates the covalent capture reaction. 
Moreover, the metal ions are used in sub-stoichiometric quantities. Increasing number 
of metal-catalyzed reactions has been found to have application in the active metal 
template synthesis of interlocked structures.  
1.3.3.2.1 Cu
I
-Catalyzed Azide-Alkyne 1,3-Cycloaddition 





catalyzed azide-alkyne 1,3-cycloaddition (CuAAC) in presence of pyridine containing 




macrocycle led to the formation of [2]rotaxane (Figure 1.6A). Formation of 
[3]rotaxane based on CuAAC template reaction has also been reported (Figure 
1.6B).
71
 Interesting design of the macrocycle (incorporating two rings with a common 
metal-ion-ligating pyridine group at the junction) made possible the synthesis of 




 were also synthesized by 
CuAAC template reaction.  
 
Figure 1.6 CuAAC template reaction: A) catalytic cycle for the formation of [2]rotaxane,70 
molecular structure of B) [3]rotaxane,71 and C) macrobicyclic [3]rotaxane.72 
1.3.3.2.2 Alkyne-Alkyne Couplings 
      Saito et al. reported active metal templated [2]rotaxane (Figure 1.7A) synthesis by 
using Cu
I
-catalyzed Glaser oxidative homocoupling of arylalkyne stoppers in the 
presence of dpp-based macrocycle.
73
 Leigh et al. used Pd
II
 as the active metal catalyst 
for homocoupling of bulky stoppers containing terminal alkyne in the presence of 





-mediated (Cadiot-Chodkiewicz) alkyne-alkyne heterocoupling in the 











mediated homocoupling in presence of bpy-based macrocycle has 
been found to give [2]rotaxane in extremely high yield.
76
 Furthermore, active metal 







Figure 1.7 Molecular structure of [2]rotaxanes synthesized by active metal A) CuI in 
presence of dpp,73 and B) PdII in presence of pyridine.74 
      Besides, synthesis of [2]rotaxanes by active metal Cu
I
-catalyzed Ullmann C-S 
bond formation,
73
 active metal Pd
II











 have been achieved.  
1.3.4 π-Electron-Acceptor and π-Electron-Donors 
      Donor/acceptor-based template-directed synthesis of interlocked structure was 
inspired from the pseudo[2]rotaxane geometry (Figure 1.8) observed for 1:1 complex 
formed between π-electron-rich, bis-p-phenylene-34-crown-10 (BPP34C10) and π-




Figure 1.8 A) Pseudo[2]rotaxane obtained from paraquat dication and BPP34C10. B) Ball-
and-stick representation of the X-ray crystal structure.80
 




      The stability of the pseudorotaxane geometry is due to the non covalent 
interactions like electrostatic attraction, π-π stacking interactions between the 
aromatic units of paraquat and BPP34C10, and [C-H···O] interactions between the 
hydrogen atoms –[CH3-N] and [CH-N] in the α-positions with respect to the nitrogen 
atoms in the bipyridinium unit and the oxygen atoms in BPP34C10. Similarly, 
cyclobis(paraquat-p-phenylene) cyclophane (CBPQT
4+
), a π-electron-deficient host 
formed pseudo[2]rotaxane (Figure 1.9) with π-electron-rich hydroquinone.81  
 
Figure 1.9 A) Pseudo[2]rotaxane obtained from hydroquinone and CBPQT4+. B) Ball-and-
stick representation of the X-ray crystal structure.81 
      Encouraged by these observations, rotaxanes can be designed to incorporate either 
π-electron-rich or π-electron-deficient aromatic units into the dumbbell components, 
with the complementary aromatic units located in the host. 
1.3.4.1 CBPQT
4+ as π-Electron-Deficient Host 
      Simple [2]rotaxanes, involving CBPQT
4+
 host and dumbbell incorporating a π-





 procedures (Scheme 1.4). 





Scheme 1.4 Synthesis of [2]rotaxane by A) threading-followed-by-stoppering82b and B) 
clipping.82 
      Bis [2]rotaxane
83
 (Figure 1.10A) was obtained when two identical threads 
containing 1,5-dioxynaphthalene unit (DNP) threaded through two CBPQT
4+
 units 
connected by a alkyl spacer group followed by stoppering with adamantoyl groups. In 
pursuit for alternative π-electron-rich units that can be incorporated in dumbbell, 4,4’-
biphenol (Figure 1.10B) and the much more π-electron-rich benzidine (Figure 1.10C) 
have been incorporated in thread and self-assembled with CBPQT
4+
, followed by 
stoppering with triisopropylsilyl group, producing [2]rotaxane.
84
 





Figure 1.10 Molecular structure of bis[2]rotaxane (A)83 and [2]rotaxane on dumbbell 
containing B) 4,4’-biphenol moiety, and C) benzidine moiety.84 
      Subsequently 1,4-phenylenediamine (-NHC6H4NH-) was also used as π-electron-
rich unit in dumbbell for synthesis of [2]rotaxane.
85
 Furthermore, different π-electron-






 have been 
incorporated into the dumbbell for the synthesis of [2]rotaxane-based molecular 
shuttle. A series of dumbbell incorporating one, two and three thiophene moiety as π-
electron-rich units self-assembled with CBPQT
4+









-stoppered [2]rotaxane were synthesized 
based on the self-assembly of the complementary synthons, hydroquinone and 
CBPQT
4+
. However, ferrocenyl- and anthracenyl-stoppered [2]rotaxane suggested 
some additional templating effect provided by the π-electron donating stoppers. From 
the X-ray crystal structure,
91
 the existence of π- π stacking interactions between the 




stopper (both ferrocenyl and anthracenyl) and the host CBPQT
4+
 was established. The 
wide applicability of CBPQT
4+
 macrocycle can be realized from the abundant 





1.3.4.2 Crown Ethers as π-Electron-Rich Host 
      The earliest reports on the synthesis of the [2]rotaxanes were based on the self-
assembly of the crown ether BPP34C10 with paraquat derived thread, both by 
threading-followed-by-stoppering method
94
 and slippage method.
22a
 An excess of 
crown ether BPP34C10 for bipyridinium units, led to the generation of [2]-, [3]- and 
[4]rotaxanes by slippage method.
95





 self-assembled by these complementary recognition motifs. Figure 1.11 
showing representative examples of rotaxanes based on self-assembly of BPP34C10 
and paraquat. 
 
Figure 1.11 Molecular structure of A) [3]rotaxane95a and B) [4]rotaxane95b by slipping 
method. 
      Crown ethers like dibenzo-24-crown-8 (DB24C8) has also been used as π-
electron-rich host for self-assembly with 1,2-bis(pyridinium)ethane (BPE) to form 
pseudo[2]rotaxanes.
98
 X-ray crystal structure of the pseudo[2]rotaxane 
[(EtO2Cpy(CH2)2pyCO2Et) (DB24C8)]
2+ 
(Figure 1.12), revealed N
+
···O ion dipole 
interactions, C-H···O hydrogen bonds involving bridging ethane unit and α-




pyridinium hydrogen atoms with crown ether oxygen atoms, and π- π stacking 
interactions between the pyridine ring and the catechol ring. 
 
Figure 1.12 A) Pseudo[2]rotaxane obtained from EtO2Cpy(CH2)2pyCO2Et and DB24C8. B) 
Ball-and-stick representation of the X-ray crystal structure.98 
      Based on this complementary recognition motif, rotaxanes have been synthesized 
by threading-followed-by-stoppering method.
99
 Figure 1.13 showing representative 




















































Figure 1.13 Molecular structure of [2]rotaxane (A) and [4]rotaxane (B) by threading-
followed-by-stoppering99b method. 




      Crown ether-based cryptands bis(m-phenylene)-32-crown-10 (BMP32C10) have 
been first developed by Gibson et al. which formed quite strong 1:1 complex with 
paraquat adopting a “pseudorotaxane-like” geometry (Figure 1.14).100  
 
Figure 1.14 A) “Pseudorotaxane-like” structure from paraquat and BMP32C10. B) Ball-
and-stick representation of the X-ray crystal structure.100 





 were prepared with high efficiency by the threading-followed-by-
stoppering method.  Using clipping method as well, the synthesis of a 
cryptand/paraquat [2]rotaxane have been reported which is based on the template 
BMP32C10/paraquat taco complex.
102
 This template finds use in the construction of 
catenanes as well.
102,103
 Figure 1.15 showing representative examples of rotaxanes 
based on the self-assembly of BPP34C10 and paraquat. 
 
Figure 1.15 Molecular structure of [2]rotaxane synthesized by A) threading-followed-by-
stoppering101a and B) clipping.102 




      Subsequently another crown ether-based cryptand bis(m-phenylene)-26-crown-8 




1.3.5 Amide Hydrogen Bonding 
      Tetralactam macrocycle had been shown to be the receptor for p-benzoquinone by 
Hunter et al. (Figure 1.16).
105
 The host-guest interaction involves hydrogen bonding 
and π- π stacking interactions. This served as a useful model for the neutral template 
synthesis of interlocked molecules. 
 
Figure 1.16 Non-covalent interactions in the p-benzoquinone complex with tetralactam 
macrocycle.105 
      In 1995, Vögtle et al. for the first time reported the synthesis of [2]rotaxanes by 
amide hydrogen bond template effect.
106
 A series of meta- and para-substituted 
aromatic acid chloride and sulfonyl chloride have been used as the axle whose 
carbonyl moiety interacts with the amide hydrogen of the host tetralactam macrocycle 
forming a pseudorotaxane, followed by stoppering with (4-
aminophenyl)triphenylmethane (Scheme 1.5).
106 





Scheme 1.5 Synthesis of [2]rotaxanes by threading-followed-by-stoppering method.106 
      A year later synthesis of [2]rotaxane was achieved by following the same strategy 
and using the same axle and host but with porphyrin and its zinc complex acting as 
the stopper.
107
 The tetralactam macrocycle also served as host for the synthesis of 
[3]rotaxane with an extended axle templated by amide hydrogen bond.
108
 Based on 
this template, intra- and intermolecular covalently linked [1]- and bis[2]rotaxanes 
have been synthesized.
109
 Recently, Schalley et al. reported the formation of 
[2]rotaxane with tetralactam macrocycle and axle being stoppered by click 
methodology.
110
 Moreover, [2]rotaxanes can be generated by employing slippage 
method as well.
111 
      Leigh et al. used an alternative benzylic amide macrocycle as host which can be 
obtained by simple condensation between isophthaloyl chloride and p-xylylene 
diamine (clipping method) around the axle (containing hydrogen bond donor) to form 
[2]rotaxanes.
23a,23j,112
 The nature of interactions are similar with tetralactam 
macrocycle. Scheme 1.6 shows a representative example
23a
 of the synthetic route. 





Scheme 1.6 Schematic representation for the formation of [2]rotaxane by clipping method, 
which involved condensation between isophthaloyl chloride and p-xylylene diamine.23a 




 based on amide hydrogen bonding 
template, have been reported. 
1.3.6 Ammonium Hydrogen Bonding 
      Crown ethers displayed fascinating property of binding metal and organic cations 
by means of H-bonding and electrostatic interactions.
115
 The organic cations 
investigated were mostly primary (RNH3
+
) and secondary (R2NH2
+
) alkyl ammonium 
ions, with R being the alkyl group. The mode of binding in such complexes can be 
explained by the size and conformation of the crown ether as well as by the nature 
(primary/secondary) of alkyl ammonium ions. 
      The bindings between primary (RNH3
+
) alkyl ammonium ions and crown ether, 
dibenzo[18]crown-6 (DB18C6), were reported for the first time in Pedersen’s seminal 
paper.
115a
 The binding of RNH3
+ 
by [18]crown-6 (18C6) generally occurs in a face-to-
face manner, with three [N-H···O] hydrogen bonds formed in an alternating mode 
with respect to the six oxygen atoms in 18C6 (Figure 1.17A).
115
 Likewise, secondary 
(R2NH2
+
) alkyl ammonium ion forms 1:1 complex with [12]crown-4, where the two 
ammonium hydrogen interacts with a pair of diametrically opposed oxygens in 
[12]crown-4 (12C4), in a face-to-face manner (Figure 1.17B).
116
  





Figure 1.17 H-bonding interactions between the A) 18C6 and RNH3
+,115 and B) 12C4 and 
R2NH2
+.116 
      However, the complete insertion of R2NH2
+
 into crown ether (threading) was not 
reported until 1995, when two separate groups Stoddart et al.
117a
 and Busch et al.
25a
 
independently reported for the first time, the threading of R2NH2
+ 
into crown ether, 





 (dibenzylammonium ion, DBA
+
) through DB24C8, however 
unlike DBA
+
, the shuttling of (C4H9)2NH2
+
 is faster through DB24C8 than the NMR 
time scale
 





 making them suitable candidate for interlocked 
structures. Figure 1.18 representing the threading of DBA hexafluorophosphate (1-
1 PF6) through
 




Figure 1.18 A) Formation of pseudo[2]rotaxane 1-2 PF6. B) Ball-and-stick representation 
of the X-ray crystal structure of 1-2 PF6.
117a 
      The stabilizing interactions present in this case are [N-H···O], [C-H···O] 
hydrogen bonding and π-π stacking interactions between phenyl ring of DBA+ and 




catechol ring of DB24C8. Stoddart et al. emphasized the need for at least 24 atoms in 
the crown ether for successful threading of R2NH2
+










 have been chosen as the complimentary synthons for constructing 
interlocked structures.  
1.3.6.1 DBA
+
 and [24]Crown Ether 
      The first example of [2]rotaxane based on DBA
+
/DB24C8 template have been 
synthesized by threading-followed-by-stoppering method, in which the bisazide (1-
3 PF6) threads through DB24C8 followed by 1,3-dipolar cycloaddition with bulky 
electron-deficient alkyne (1-5) to give [2]rotaxane 1-6 PF6.
25b 
Similarly, [3]rotaxane 
was also synthesized by incorporating two DBA
+




Scheme 1.7 Formation of [2]rotaxane 1-6 PF6 by threading-followed-by-stoppering 
method.25b 
      For generating [2]rotaxanes on DBA
+
/DB24C8 template, stoppering reactions 
such as pyridinium formation (1-7 PF6),
118a
 urea formation (1-8 CF3CO2),
118b
 and 
triphenylphosphonium formation (1-9 (PF6)3)
21a
 have  also been reported (Figure 
1.19). 





Figure 1.19 Molecular structure of [2]rotaxanes stoppered by A) pyridinium formation,118a 
B) urea formation,118b C) triphenylphosphonium formation.21a 
      Finally, the application of DCC in the form of reversible imine formation for 
stoppering was used to obtain [2]rotaxane on DBA
+





Scheme 1.8 Formation of [2]rotaxane 1-16 PF6 by reducing the equilibrium mixture 
containing imine-stoppered-[2]rotaxane, 1-15 PF6.
21b 
      Scheme 1.8 shows all the species present in the dynamic equilibrium established 
upon dissolution of 1:2:1 ratio of 1-10 PF6, 3,5-di-tert-butylaniline and DB24C8 in 
CD3CN. Eventually addition of benzeneselenol to the reaction mixture converted 
[2]rotaxane 1-15 PF6 to the kinetically stable 1-16 PF6.
21b
 




      After establishing DB24C8 as the complimentary synthon for DBA
+
, a study of 
the ability of other possible derivatives of DB24C8 such as [24]crown-8 (24C8), 
benzo[24]crown-8 (B24C8), and tetrabenzo[24]crown-8(TB24C8) to bind to DBA
+
 
was done. It was found that 24C8 has the strongest affinity followed by B24C8 which 
has higher affinity than DB24C8 for DBA
+
, due to the increased basicity of ether 
oxygen atom compared to phenolic oxygen atom.
119
 Furthermore, TB24C8 does not 
bind DBA
+









 through their cavity on NMR time scale, indicating [24]crown ether to have the 




 Based on 
that, Stoddart et al. designed a [24]crown-8 macrocycle 1-19 which can be obtained 
from reversible imine condensation of 2,6-pyridinedicarboxaldehyde (1-17) and 
tetraethyleneglycol bis(2-aminophenyl)ether (1-18) (Scheme 1.9).
23b
 This macrocycle 
1-19 was clipped on the DBA derived dumbbell (1-20 PF6) by mixing equimolar 
amounts of all the three compounds 1-17, 1-18 and 1-20 PF6 in CD3CN, generating 
the [2]rotaxane 1-21 PF6, which is converted to the kinetically stable [2]rotaxane 1-
22 PF6 (Scheme 1.9).
 
The advantage of DCC is clearly demonstrated, when the 
[24]crown-8 macrocycle 1-19 dissociates to acyclic dialdehyde 1-17 and diammine 1-
18 and recombines in presence of the salt 1-20 PF6 to give thermodynamically the 
most stable entity, [2]rotaxane 1-21 PF6, which is subsequently reduced to give 
kinetically stable [2]rotaxane 1-22 PF6.
23b
 





Scheme 1.9 Formation of [2]rotaxane 1-22 PF6 by clipping methodology employing 
reversible imine condensation.23b 
      Spurred by the success with imine condensation-clipping methodology, Grubbs et 
al. designed acyclic diolefin polyether 1-23 which underwent ring-closing-metathesis 
(RCM) with Grubbs’s 1st generation catalyst in presence of 1-20 PF6 to generate 
[2]rotaxane 1-24 PF6 (Scheme 1.10).
23c
 The formation of 1-24 PF6 displayed the 
ability of DBA
+ 
to be encircled by [24]crown-6 as well. 
 
Scheme 1.10 Synthesis of [2]rotaxane 1-24 PF6 by RCM of compound 1-23 in presence of 
1-20 PF6.
23c 
      Dipyrido[24]crown-8 (DP24C8) have also been reported to form 
pseudo[2]rotaxane with DBA
+
, which is converted to [2]rotaxane by stoppering with 
(triphenylphosphonium)methyl group.
122a
 DP24C8 can be functionalized 




symmetrically on one or both the pyridyl rings unlike the catechol rings in DB24C8. 
In addition, DP24C8 also binds stronger to DBA
+ 
than DB24C8 due to the pyridine 
nitrogen atom being better H-bond acceptor than phenolic or ether oxygen atoms.
122a
 
As was earlier mentioned that the ability of B24C8 to bind DBA
+
 is higher than 
DB24C8, the same holds true for pyrido[24]crown-8 (P24C8) and DP24C8.
122b
 In 
addition, the host P24C8 being more flexible is very efficient host for pseudorotaxane 
formation with DBA based threads.
122b
 In the reversible imine-clipping methodology, 
the [24]crown ether constitution has also been modified by replacing 1-17 with 2,5-
diformylfuran (1-25) and isophthalaldehyde (1-26) while maintaining the same 
diammine (1-18) to study the impact of new macrocycles 1-27 and 1-28 on the 





Figure 1.20 Molecular structure of different 24C8 macrocycles: DP24C8, P24C8, 1-27 and 
1-28; and acyclic precursors: 1-25 and 1-26. 
      The affectivity of the complementary recognition motifs DBA
+
/24Crown ether 
have been reflected in multi-component self-assembly and thus generating higher 
ordered complicated interlocked structures. In 1997, Stoddart et al. reported the 
formation of polypseudorotaxanes (1-29 (PF6)3 and 1-30 (PF6)4) from DB24C8 by 




threading oligoammonium cations incorporating multiple DBA
+





Figure 1.21 Molecular structure of A) pseudo[4]rotaxane, B) pseudo[5]rotaxane, and C) 
Packing of the pseudo[4]rotaxane showing the formation of pseudo[7]rotaxane via π-π 
linking.124 
      Taking a cue from this, poly[n+1]rotaxanes were synthesized in near quantitative 
yields from dumbbells DB-Hn PF6 (n= 2, 3, 4, 6 and 10) by clipping methodology in 
one pot,
 
reflecting the efficiency of DBA
+
/24C8 template in the multi-component self-
assembly process (21-component self-assembly process for [11]rotaxane).
23e 





Figure 1.22 General scheme showing the formation of poly[n+1]rotaxane from dumbbell 
DB-Hn PF6 having “n” DBA
+ units by reversible imine-clipping methodology. Pictorial 
representation of [3]-, [4]-, [5]-, [7]- and [11]rotaxanes.23e 
      The syntheses of higher order rotaxanated structure have been accomplished in 
branched substrates as well. In presence of the trisammonium salt 1-32 (PF6)3 
(incorporating one DBA
+ 
unit in each arm), clipping reaction between three 
equivalents of dendritic dialdehydes 1-(33-35) and diammine 1-18 took place giving 
branched [4]rotaxanes 1-(36-38 (PF6)3) in near quantitative yields (Scheme 1.11), 
demonstrating the effective self-assembly of seven components in one pot.
125 





Scheme 1.11 Synthesis of branched [4]rotaxanes 1-36 (PF6)3, 1-37 (PF6)3, 1-38 (PF6)3 by 
reversible imine-clipping methodology of compound.
125 











 and molecular 
shuttles
17,128
 based on DBA
+
/24crown ether template have also been reported. 
1.3.6.2 DBA
+
 and other Crown Ethers 
      Benzo(m-phenylene)[25]crown-8 (BMP25C8) formed 1:1 complex with DBA 
hexafluorophosphate (1-1 PF6) whose pseudo[2]rotaxane (1-39 PF6) geometry was 
confirmed from the solid-state structure (Figure 1.23C).
121b
 The complex is stabilised 
by [N
+
-H···O] hydrogen bonding and π-π stacking interactions, however the 
association constant for this pseudo[2]rotaxane could only be evaluated by increasing 
the steric bulk at the para position of the phenyl moiety of 1-1 PF6, suggesting a 
weak complex.
121b
 Synthesis of [2]rotaxane using BMP25C8/DBA template have 
been reported.
121b 





Figure 1.23 Molecular structure of A) BMP25C8, B) pseudo[2]rotaxane 1-39 PF6. C) Ball-
and-stick representation of the X-ray crystal structure of 1-39 PF6.
121b 
      Bis(m-phenylene)[26]crown-8 (BMP26C8) showed peaks corresponding to 1:1 
complex with DBA
+ 
in HR FAB-MS and ESI-MS, however, no detectable shifts of 
the proton signals were observed in solvents such as CD3CN, CDCl3 and CD3COCD3, 
indicating no or very weak complexation.
121a
 Stoddart et al. also reported no 
complexation between BMP26C8 and DBA
+
 in either solution or gas phase.
121b
 
      Tribenzo[27]crown-9 (TB27C9) experienced shuttling of 1-1 PF6 through its 
cavity faster than the NMR time scale, however (p-CO2Me)2-DBA
+
 formed a 
pseudo[2]rotaxane (1-40 PF6) with TB27C9 which is stabilized by [N
+
-H···O] 
hydrogen bonding and π-π stacking interactions (Figure 1.24).129 
 
Figure 1.24 Molecular structure of A) TB27C9, B) Pseudo[2]rotaxane 1-40 PF6. C) Ball-
and-stick representation of the X-ray crystal structure of 1-40 PF6.
129 
      Dibenzo[30]crown-10 (DB30C10) formed [3]rotaxane 1-42 (PF6)2 with two 
DBA
+
 units incorporated dumbbell 1-41 (PF6)2 by slippage method (Figure 1.25).
130
 
The stabilizing interactions present in 1-42 (PF6)2, are [N
+
-H···O], [C-H···O] 
hydrogen bonding and π-π stacking interactions (Figure 1.25D). 





Figure 1.25 Molecular structure of A) DB30C10, B) Dumbbell 1-41 (PF6)2, C) [3]rotaxane 
1-42 (PF6)2 and D) Ball-and-stick representation of the X-ray crystal structure of 1-
42 (PF6)2.
130 
      Bis(m-phenylene)[32]crown-10 (BMP32C10) generated 1:2 complex 1-43 (PF6)2 
(pseudo[3]rotaxane, Figure 1.26B) with 1-1 PF6.
121a
 The stabilizing interactions 
operative in 1-43 (PF6)2 are [N
+
-H···O] hydrogen bonding and π-π stacking 
interactions (Figure 1.26C). 
 
Figure 1.26 Molecular structure of A) BMP32C10, B) pseudo[3]rotaxane 1-43 (PF6)2, and 
C) Ball-and-stick representation of the X-ray crystal structure of 1-43 (PF6)2.
130 
      Further extension of the cavity size of BPP32C10 lead to BPP34C10, tris(p-
phenylene)[51]crown-15 (TPP51C15) and tetrakis(p-phenylene)[68]crown-20 







) with 1-1 PF6 (Figure 1.27). The stabilizing interactions operative in 




these pseudorotaxanes include [N
+
-H···O], [C-H···O], [C-H···F] hydrogen bonding, 
C-H···π stacking and π-π stacking interactions. 
 
Figure 1.27 Molecular structure of A) BPP34C10, B) TPP51C15, C) TPP68C20, D) 
pseudo[5]rotaxane 1-46 (PF6)4,
124 E) pseudo[4]rotaxane 1-45 (PF6)3,





 and [21]Crown Ethers 
      The fact that (C4H9)NH2
+
 shuttles through DB24C8 faster than the NMR time 
scale indicated that smaller cavity-sized crown ethers could form well-defined 
pseudorotaxanes with dialkylammonium ions. This hypothesis became a reality when 





Based on this, the axle 1-47 PF6 have been 
synthesized which is threaded through B21C7, followed by stoppering with benzoic 
anhydride generating [2]rotaxane 1-48 PF6 (Scheme 1.12).
131
 





Scheme 1.12 Synthesis of [2]rotaxane 1-48 PF6 by threading-followed-by-stoppering 
method.131 
      A year later Chiu et al. reported solvent-free synthesis of [2]rotaxane 1-51 BF4 by 
threading dipropargylammonim tetrafluoroborate 1-49 BF4 through [21]crown-7 




   




      Schalley et al. utilized the template R2NH2
+





 The axle 1-52 (PF6)2 incorporating one DBA
+
 unit and 
one secondary alkyl ammonium unit observed self-sorting to get pseudo[3]rotaxane 1-
53 (PF6)2 which was stoppered by esterification with anhydride to get 




Scheme 1.14 Synthesis of hetero[3]rotaxane 1-54 (PF6)2 by threading-followed-by-
stoppering method.133 








1.4 Project Objectives 
      The success of DBA
+
/[24]crown ether template in constructing mechanically 
interlocked structure is well established. Therefore, [24]crown ether is believed to be 
the complimentary synthon for DBA
+
. The association of DBA
+
 with crown ether 
containing more than 24 atoms is weak whereas crown ether containing less than 24 
atoms cannot thread DBA+ through their cavity. Crown ethers containing more than 
24 atoms have an extended geometry compared to [24]crown ether which probably 
reduces the bonding interactions with DBA
+
, resulting in weaker association with the 
DBA
+
 cation. However, shrinking the cavity size of the crown ether, by reducing the 
number of constituent atoms in the crown ether, may not weaken the bonding 
interactions with the DBA
+
 cation. Therefore, the crown ethers smaller in size than 
[24]crown ether might also bind the DBA
+
 cation strongly. But the inability to thread 
DBA
+
 through the cavity of smaller crown ethers than [24]crown ether (as mentioned 
earlier) due to the steric bulk of benzene rings  rendered the [24]crown ether as the 
smallest and optimum choice for DBA+ cations. Furthermore, the ability of 
[21]crown ether encircling the ammonium moiety (-NH2
+
-) in secondary 
alkylammonium  ions (R2NH2
+
) instigated the belief that the spatial requirement of 




 might be less than the volume of the benzene 
rings. This makes a strong case for investigating the smallest cavity size of the crown 
ether which can encircle the -NH2
+





Therefore, the aim of our project is to understand and correlate the relation between 
the spatial requirement of the -NH2
+
- moiety, the cavity size of the encircling crown 
ether and the stopper size in [2]rotaxane. Assuming that in the clipping methodology, 




the acyclic clipping precursors self-assemble around the -NH2
+
- moiety unhindered by 
the steric requirement of the stoppers (benzene rings). 
      In chapter 2, the ability of the DBA
+
 cation to be encircled by the crown ethers 
containing less than 24 atoms, have been investigated systematically by template-
directed ring-closing olefin metathesis using 2
nd
 generation Grubbs catalyst (clipping 
method). A series of acyclic diolefin polyethers were independently subjected to the 
ring-closing metathesis in the presence of dibenzylammonium hexafluorophosphate 1-
1 PF6, which resulted in the formation of nine threaded molecules involving 
dibenzylammonium ion and crown ethers having less than 24 atoms. The smallest 
crown ether encompassing the DBA
+
 cation was found to be the unsaturated 
[20]crown ether. 
      In chapter 3, the possibility of [19]crown ether encircling DBA
+
 moiety was 
explored using template-directed ring-closing olefin metathesis with 2
nd
 generation 
Grubbs catalyst (clipping method). A series of dumbbells incorporating DBA
+
 units 
along with modified acyclic diolefin polyethers have been employed to enhance the 
mutual recognition ability needed for self-assembling prior to rotaxanation by 
clipping method. 
      In chapter 4, the ability of alkyl and fluorinated alkyl moieties to act as stopper 
groups, in [2]rotaxanes incorporating [20]crown ether, have been explored. In 
addition, the templating effect exerted by the trifluoromethyl group (of dumbbell) in 
the context of clipping methodology, is also discussed. 
      In chapter 5, the DBA
+
/DB24C8 template-directed synthesis of kinetically and 
thermodynamically stable [5]molecular necklace have been described. The synthesis 
utilized “threading-followed-by-ring-closing olefin metathesis” protocol. An axle 
containing four DBA
+
 units and terminal olefins have been synthesized which, in 




presence of excess of DB24C8, was treated with 2
nd
 generation Grubbs catalyst in dry 
dichloromethane under refluxing condition. The motivation for this project comes 
from the lack of report on the kinetically stable molecular necklaces in the literature. 
Furthermore, the affectivity of DBA
+
/[24]crown ether template in synthesizing 
complicated structures appear in plethora in literature, however no well-defined 
molecular necklace based on this template have been synthesized which is both 
kinetically and thermodynamically stable. 





Formation of [2]Rotaxanes by Encircling [20],[21], 




      The early reports on the construction of rotaxanes, based on statistical threading, 
were made by Harrison et al.
135
 and Schill et al.
136
 Much later appeared the template-
directed synthetic approaches for rotaxanes, with dibenzylammonium ion (DBA
+
) and 
[24]crown ether evolving as one of the most widely employed complimentary 
synthons. Similarly for (C4H9)2NH2
+
, the [21]crown ether was reported to be the 











alkyl)/[21]crown ether template have been used for the synthesis of rotaxanes. It is 




, have the same “-
CH2NH2
+
CH2-” recognition motif, which templates the assembly of crown ether. 
      From this viewpoint, the crystal structures of threaded geometry involving [24]- 
and [21]crown ether with secondary ammonium ions will be very informative. We 
picked the crystal structures of two simple [2]rotaxanes (1-24 PF6 and 1-51 BF4, 
whose synthesis has been discussed in Scheme 1.10 and Scheme 1.13, respectively) 
for our reference. The [2]rotaxane 1-24 PF6 (Figure 2.1) shows the “-CH2NH2
+
CH2-” 
unit threaded through [24]crown-6 (24C6) whereas the [2]rotaxane 1-51 BF4 (Figure 
2.2) shows the “-CH2NH2
+
CH2-” unit threaded through [21]crown-7 (21C7). In 
[2]rotaxane 1-24 PF6 (Figure 2.1), the 3,5-dimethoxy benzene rings act as stoppers 
whereas in 1-51 BF4 (Figure 2.2), pyridazine rings (slightly less bulky than benzene 




alone) act as stoppers.  
 
Figure 2.1 A) Molecular structure of [2]rotaxane 1-24 PF6 and B) Ball-and-stick 
representation of the solid-state structure of the [2]rotaxane 1-24 PF6. Hydrogen bonding 
geometries [N+-H···O] [Å]: a) 2.04; b) 2.08; c) 2.27; [C-H···O] [Å]: d) 2.89; e) 2.48; f) 2.88; 
g) 2.66. 
      It is quite clear from the crystal structure (Figure 2.1B) that the “-CH2NH2
+
CH2-” 
moiety of the [2]rotaxane 1-24 PF6 resides within the cavity of 24C6. Moreover, the 
24C6 is not sterically interacting with the substituted benzene rings.  
 
Figure 2.2 A) Molecular structure of [2]rotaxane 1-51 BF4 and B) Ball-and-stick 
representation of the solid-state structure of the [2]rotaxane 1-51 BF4. Hydrogen bonding 
geometries [N+-H···O] [Å]: a) 1.99; b) 2.01; [C-H···O] [Å]: c) 2.28; d) 2.38; e) 2.67. 
      From the crystal structure (Figure 2.2B), it is very apparent that the “-
CH2NH2
+
CH2-” moiety of the [2]rotaxane 1-51 BF4 resides within the cavity of 
21C7. Moreover, the 21C7 is not sterically interacting with the pyridazine rings. Even 






-H···O] and [C-H···O]) distances for both the rotaxanes (1-24
PF6 and 1-51 BF4) are similar. Based on these observations, it can be contemplated 
that the limit on the cavity-size of the crown ether encircling DBA
+
 is a function of 
the spatial requirement of the ammonium (-NH2
+
-) moiety and not related to the bulk 
of stopper groups. 
      To experimentally verify our hypothesis, we chose the clipping method since in 
the clipping method, the acyclic clipping precursors self-assemble around the -NH2
+
- 
moiety  instead of threading, thus encountering no or little steric interaction with the 
stopper groups of the dumbbell. Therefore, for the clipping methodology, the spatial 
requirement of the -NH2
+
- moiety is primarily expected to dictate the cavity size of 
the crown ether encircling it. 
      The clipping methodology used in our study involves the ring closing metathesis 
(RCM) of acyclic diolefin polyethers,
137
 2-(2a-f), in the presence of 
dibenzylammonium hexafluorophosphate, 1-1 PF6, in dry dichloromethane  (DCM). 
With the benzene rings in 1-1 PF6 presumably acting as the stoppers, our objective is 
to synthesize a series of [2]rotaxanes with smaller crown ethers than the [24]crown 
ether, and eventually arrive at the smallest possible cavity sized crown ether capable 
of encircling the -NH2
+
- moiety of DBA
+
. Our systematic investigations demonstrated 
that by simple clipping method, the smallest crown ether that formed very tightly 
fitted [2]rotaxane (2-8b PF6) with DBA
+
 dumbbell, is the unsaturated [20]crown-6 
(20C6)! 
2.2 Results and Discussion 
2.2.1 Synthesis of acyclic diolefin polyethers 




       
Scheme 2.1 Synthetic route to acyclic diolefin polyethers 2-(2a-f). 
      In our study, the acyclic diolefin polyethers, 2-(2a-f), employed as clipping 
precursors, incorporated six
23c,23d
/seven oxygen atoms in the polyether backbone with
 
the olefins at the termini. Scheme 2.1 outlines the synthesis of 2-(2a-f) from the 
commercially available pentaethylene glycol (2-3) and hexaethylene glycol (2-4). The 
symmetric acyclic polyether 2-2b was prepared by one-step etherification reaction 
from 2-3. Compound 2-2d was prepared by alkylation of 2-3 with 4 equivalents of 
1,4-diiodobutane followed by simultaneous elimination reaction. Reaction of 2-3 with 




1.2 equivalents of 1,4-diiodobutane mainly gave the compound 2-5, which underwent 
alkylation with allyl bromide and 5-bromo-1-pentene to give 2-2c and 2-2e, 
respectively. Monoalkylation of 2-3 with allyl bromide gave 2-6, and Pd(OAc)2 
catalyzed etherification of 2-6 with ethyl vinyl ether gave 2-2a in 30% yield. 
Compound 2-2f was prepared by alkylation of 2-4 with 4 equivalents of allyl bromide. 
The RCM of 2-(2a-f) is expected to generate [19]C6, [20]C6, [21]C6, [22]C6, [23]C6 




2.2.2 Synthesis of [2]rotaxanes 
 
 
Scheme 2.2 Synthetic route to a series of [2]rotaxanes, 2-(8b-d) PF6 and 2-(9b-d) PF6. 
      In order to test our hypothesis, 1-1 PF6
 
was mixed with two equivalents of each 
of the acyclic diolefin polyethers, 2-(2a-f), and stirred in the mixture solvent system 
(MSS, CHCl3/CH3CN = 3:1) for 24 hours (Scheme 2.2). It was found that 2-(2b-f) 
formed stable complexes: 2-(7b-f) PF6, with 1-1 PF6 under this condition (Scheme 









C(H2) - in 1-1 PF6 with the oxygen atoms of the acyclic polyether. The 
complete solubility of these complexes in chloroform justified this argument. 
However, the sensitivity of the electron rich vinyl ether moiety of 2-2a towards acid (-
NH2
+




Figure 2.3 Partial 1H NMR spectra (500 MHz, CDCl3) of i) 2-2a, ii) 2-7a PF6 (X), obtained 
after 20 hours of stirring of 1-1 PF6 with two equivalents of 2-2a at room temperature in a 
MSS. The reduced intensity of a’, b’ and c’ compared to a, b and c suggests decomposition of 
vinyl ether moiety of 2-2a in presence of 1-1 PF6. iii) 2-7a PF6 (Y), obtained when the same 
mixture was continued to stir at room temperature for another 40 hours. The absence of peaks 
corresponding to vinyl ether moiety indicates complete decomposition of the electron rich 
vinyl ether of 2-2a due to -NH2
+- moiety of 1-1 PF6, rendering 2-7a PF6 unfit for ring 
closing metathesis. 
      Subsequently, the RCM of complexes, 2-(7b-f) PF6, were performed with the 
Grubbs’s 2nd generation catalyst under refluxing condition in dry DCM for 60 hours. 




Indeed, a series of smaller [2]rotaxanes, 2-(8b-d) PF6, containing [20], [21] and 
[22]crown ethers were obtained, in good yields (Scheme 2.2). The highest yield was 
achieved for 2-8c PF6 (87%), indicating that the [21]crown-6 (21C6) probably has 
the optimal cavity size for encompassing the -NH2
+
- moiety. However, the smaller 
cavity-sized [20]crown-6 (20C6) could still be encircled (2-8b PF6) around the -
NH2
+
- moiety in reasonably good yield (64%), a little less than the [22]crown-6 




Figure 2.4 1H NMR spectra of [2]rotaxanes 2-8b PF6, 2-8c PF6 and 2-8d PF6 recorded in 
CDCl3 (500 MHz). 
      The formation of these [2]rotaxanes were unambiguously confirmed by the 
1
H 
NMR spectroscopy (in CDCl3, Figure 2.4) and the HR ESI-MS spectroscopy. The 
observed higher yield for 2-8d PF6 compared to 2-8b PF6, suggests that the cavity 
size of the 20C6 is too small and constricts the -NH2
+
- moiety. The resonances at 5.5-
5.9 ppm (Figure 2.4) can be assigned to the olefin protons. The peaks at 4.3-4.6 ppm 




(Figure 2.4) are correlated to the -C(H2)NH2
+
C(H2) - protons, which are strongly 
bonded with the crown ether by hydrogen bonding. The 
1
H NMR spectrum of 2-8c
PF6 showed obvious splitting of the resonance, due to the low symmetry of the 
[21]C6 which lead to an unsymmetrical chemical environment in the cavity. All the 
three [2]rotaxanes, 2-(8b-d) PF6, were further hydrogenated to give saturated 
[2]rotaxanes, 2-(9b-d) PF6, in good yields (Scheme 2.2). The hydrogenation yield 
increased steadily from 2-9b PF6 → 2-9c PF6 → 2-9d PF6 (67% → 72% → 81%), 
with growing cavity size of the crown ether ([20] → [21] → [22]). The 1H NMR 




Figure 2.5 1H NMR spectra of [2]rotaxanes 2-9b PF6, 2-9c PF6 and 2-9d PF6 recorded in 
CDCl3 (500 MHz). 





Figure 2.6 Capped stick representation of the crystallographic structure of A) 2-8b PF6, B) 
2-8c PF6, C) 2-8d PF6, and D) 2-9c PF6 showing short contact distances (in Å). In capped 
stick structures, [C-H•••O] and [N-H•••O] distances are shown in red and blue respectively 
with trans-double bond geometry in purple. Hydrogen atoms not involved in short contact 
distances are omitted for clarity. 
      Single crystals grown and analyzed for 2-8b PF6, 2-8c PF6, 2-8d PF6, and 2-9c
PF6 (Figure 2.6) confirmed our hypothesis; crown ethers smaller than the [24]crown 
ether are capable of encircling the DBA
+
. The capped stick structures (Figure 2.6A, 
2.6B, 2.6C and 2.6D), exhibiting threaded geometry for 2-(8b-d) PF6 and 2-9c PF6 
displayed short H-bonding contacts, exemplifying the essence of non-covalent 
interactions in rotaxane synthesis. Interestingly, all the RCM reaction products, 2-(8b-
d) PF6, exhibited an E-configuration (Figure 2.6A, 2.6B and 2.6C), which was 
substantiated by the observed sharp resonances for the olefin protons in their 
1
H NMR 
spectra (Figure 2.4). Such a high selectivity must be related to the pre-organization of 




the acyclic polyether, while surrounding the -NH2
+
- moiety. Two types of close 
contacts were observed in these [2]rotaxanes: (1) [N-H•••O] and (2) [C-H•••O], 
suggesting interactions between the oxygen atoms of the crown ether with the -
N(H2)
+
- and the - C(H2)NH2
+
C(H2) - of the DBA
+
, respectively. In particular, five 
very short contacts (N-H•••O: 1.893 Å, 2.112 Å, 2.186 Å & C-H•••O: 2.463 Å, 2.483 
Å) were observed for the [2]rotaxane, 2-8b PF6 (Figure 2.6A), which along with a 
very compact space-filling representation (Figure 2.7A), established a strongly 
interlocked rotaxane structure involving 20C6 and 1-1 PF6. Although on moving 
from 2-8b PF6 to 2-8c PF6, the same number (nine) of short contacts was observed. 
However, the five shortest contacts present in 2-8c PF6 (Figure 2.6B, N-H•••O: 2.024 
Å, 2.176 Å, 2.220 Å & C-H•••O: 2.444 Å, 2.566 Å) were comparatively large. A 
similar trend was observed for 2-9c PF6 (Figure 2.6D) and 2-8d PF6 (Figure 2.6C), 
in addition to fewer (seven) number of interactions being present. 
 
Figure 2.7 Space-filling representation of the crystallographic structure of A) 2-8b PF6, B) 
2-8c PF6, C) 2-8d PF6 and D) 2-9c PF6.Oxygen atoms of crown ether are represented in 
red and all the hydrogen atoms are omitted for clarity. 




      In the space filling representations (Figure 2.7A, 2.7B, 2.7C and 2.7D), the view 
angle is kept similar for all the crystallographic structures, to appreciate the difference 
in the cavity size of the crown ethers having different number of constituent atoms 
with varying rigidity. The cavity of 20C6 in 2-8b PF6 (Figure 2.7A) is almost 
completely occupied, whereas the 21C6 in 2-8c PF6 (Figure 2.7B) and the 21C6H2 
(saturated [21]crown-6) in 2-9c PF6 (Figure 2.7D) have larger cavity, and the free 
void space is represented by blue coloured triangle. Likewise, the 22C6 in 2-8d PF6 
(Figure 2.7C) shows the expected increase in the crown ether size, which is evident 
from the twisting of the crown ether in such a way that the void space in its cavity 
cannot be properly observed. These observations revealed that the free void space 
between the dumbbell and crown ether increases with the increase of the size of the 
crown ether. Thus, the cavity size of [23]crown ether is predicted to be even larger, 
however a kinetically stable [2]rotaxane was anticipated with 1-1 PF6.
117,121c
 
Surprisingly, both 2-8e PF6 and 2-8f PF6 (having [23]crown-6 (23C6) and 
[23]crown-7 (23C7) ring component respectively) obtained by the RCM reactions of 
2-(7e-f) PF6 (Scheme 2.2), seemed to undergo dethreading during the purification 
(with increasing polarity of the eluent), raising the likelihood of 2-8e PF6 and 2-8f
PF6 to be pseudorotaxanes. This is in sharp contrast to the widely acclaimed 
phenomenon of requiring at least 24 atom macrocycle for threading the DBA
+
. To 
resolve this conundrum, we synthesized four [23]crown ethers 2-10e, 2-10f, 2-11e and 
2-11f (Scheme 2.3) to conduct the threading experiment with 1-1 PF6.  
2.2.3 Synthesis of cyclic polyethers 







Scheme 2.3 Synthetic route to cyclic polyethers 2-(10e-f), and 2-(11e-f). 
      The crown ether 2-10e was synthesized by the RCM of 2-2e under dilute 
condition in 75% yield, which was subsequently hydrogenated on palladium-charcoal 
to give 2-11e in 89% yield. Similarly, the RCM of 2-2f gave 2-10f in 58% yield, and 
the subsequent hydrogenation of 2-10f afforded 2-11f in 91% yield. The 
1
H NMR 
spectrum of 2-10e clearly indicated the presence of both the cis and the trans isomer 
as expected, and therefore not used for the threading experiment. On the contrary, 
very sharp peaks observed in the 
1
H NMR spectrum of 2-10f probably suggest the 
presence of only one isomer, though in principle both the cis and the trans isomers are 
expected. Therefore, we employed 2-10f in the threading experiment with 1-1 PF6. 
2.2.4 Generation of pseudo[2]rotaxanes 
 
Scheme 2.4 Generation of pseudo[2]rotaxane 2-8f PF6. 




      An equimolar (0.03 mM) mixture of 2-10f and 1-1 PF6 in MSS was stirred at 
room temperature, followed by the removal of solvent under reduced pressure without 
heating (scheme 2.4). The solid residue showed three sets of resonances 
corresponding to the uncomplexed 1-1 PF6, the uncomplexed  2-10f and the 
complexed (pseudorotaxane) species 2-8f PF6, evident from the 
1
H NMR spectra in 
CDCl3 (Figure 2.8). The peaks corresponding to the uncomplexed and the complexed 
species are denoted with the subscripts “uc” and “c” in Figure 2.8(ii). The presence of 
peaks corresponding to all the three species (Figure 2.8(ii)), indicated a slow 
exchange on the NMR time scale.
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 In addition, the ESI-MS spectrum in CHCl3 
showed very weak intensity for 1-1 PF6 (10%) compared to 2-8f PF6 (base peak), 




Figure 2.8 1H NMR (CDCl3, 500 MHz) spectra of i) 1-1 PF6, ii) 2-8f PF6, iii) 2-10f. To 
appreciate the chemical shift observed in 2-8f PF6 compared to 1-1 PF6 and 2-10f, dotted 
lines are drawn. 
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Figure 2.9 ESI mass spectrum of the equilibrium reaction mixture in CHCl3 displayed base 
peak at m/z 532.2 which corresponds to 2-8f PF6 without its counterion. Very weak intensity 
peaks for 2-10f (357.2) and 1-1 PF6 (198) was also observed indicating 2-8f PF6 to be a 
strong pseudorotaxane complex at room temperature. 
      The chemical shift observed for 2-8f PF6 (represented by dotted lines, Figure 2.8) 
remained apparent even in other solvent systems (Figure 2.10, except in DMSO-d6). 
The absence of peaks corresponding to complexed species in CD3SOCD3 confirmed 
that 2-8f PF6 is a pseudorotaxane species at room temperature. 







Figure 2.10 Stacked partial 1H NMR spectra (500 MHz) of the solid residue obtained from 
the equilibrium reaction mixture (Scheme 2.4) at room temperature in different solvent 
systems (i - iv). The peaks of interest (ac, auc, bc, buc) were zoomed to appreciate the effect of 
solvent system on the position of the equilibrium. 
      However, the calculation of association constant may not be very appropriate, as 
ideally 2-8f PF6 should exist as a mixture of the cis and the trans isomer.  Analysis of 
the crystal grown for 2-8f PF6 (Figure 2.11) not only confirmed the anticipated 
threaded geometry but also showed trans double bond configuration, which could be 
due to the selective crystallization of the trans isomer or maybe the purified 2-10f 
used at the first place for threading 1-1 PF6 , existed only as the trans isomer. The 
inability to confirm the double bond configuration of 2-10f from the 
1
H NMR 
spectrum, accounted for this uncertainty. Nevertheless, the formation of stable 1:1 
pseudorotaxane species, 2-8f PF6, from DBA hexafluorophosphate and 23C7 
remains unambiguous. 





Figure 2.11 A) Capped stick crystallographic structure of 2-8f PF6, showing short contact 
[C-H•••O] and [N-H•••O] distances (in Å) and trans-double bond geometry in red, blue and 
purple respectively. B) In space-filling representation, oxygen atoms of crown ether are 
represented in red and all the hydrogen atoms are omitted for clarity. 
      In an attempt to evaluate the association constant values (an index for stability of 
pseudorotaxane species), we employed another [23]crown-7 (23C7H2), 2-11f, devoid 
of any geometrical isomer for our threading experiment with 1-1 PF6. An equimolar 
(0.03 mM) mixture of 2-11f and 1-1 PF6 in MSS was stirred at room temperature, 
followed by the removal of solvent under reduced pressure without heating (Scheme 
2.5).  
 
Scheme 2.5 Generation of pseudo[2]rotaxane 2-9f PF6. 
      The solid residue showed three sets of resonances corresponding to the 
uncomplexed 1-1 PF6, the uncomplexed 2-11f and the complexed (pseudorotaxane) 
species 2-9f PF6, evident from the 
1
H NMR spectra (Figure 2.12), reassuring the 
ability of the [23]crown ether to thread 1-1 PF6. The peaks corresponding to the 




uncomplexed and the complexed species are denoted with the subscripts “uc” and “c” 
in Figure 2.12(ii). The presence of higher intensity peaks corresponding to the 
complexed species (Figure 2.12(ii)) compared to the uncomplexed species, indicated a 




Figure 2.12 1H NMR (CDCl3, 500 MHz) spectra of i) 1-1 PF6, ii) 2-9f PF6 and iii) 2-11f. 
To appreciate the chemical shift observed in 2-9f PF6 compared to 1-1 PF6 and 2-11f, 
dotted lines are drawn. 
      Moreover, the ESI-MS spectrum in CHCl3 showed much higher abundance for 2-
9f PF6 (base peak) compared to 1-1 PF6 (10%, Figure 2.13). The 
1
H NMR spectra 
of 2-9f PF6 recorded in different solvent systems (Figure 2.14) indicated a moderate 
increase in the percentage of the uncomplexed species with the increase of solvent 
polarity, and there was no discernible complexed species in DMSO-d6, which 
confirmed 2-9f PF6 to be a pseudorotaxane. 
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Figure 2.13 ESI mass spectrum of the equilibrium reaction mixture in CHCl3 displayed base 
peak at m/z 534.2 which corresponds to 2-9f PF6 without its counterion. Weak intensity 
peaks for 2-11f (354) and 1-1 PF6 (198) was also observed indicating 2-9f PF6 to be a strong 
pseudorotaxane complex at room temperature. 
3.23.43.63.84.04.24.44.64.8
(ppm)  
Figure 2.14 Stacked partial 1H NMR spectra (500 MHz) of the equilibrium reaction mixture 
(Scheme 2.5) at room temperature in different solvent systems (i - iv). The peaks of interest 
(ac, auc, bc, buc) were zoomed to appreciate the effect of solvent system in determining the 
position of the equilibrium. The absence of peaks corresponding to the complexed species in 
CD3SOCD3 confirmed that 2-9f PF6 is a pseudorotaxane species at room temperature. 




      Given that the peaks bc and buc are distinctly separated in all the solvents, we have 
chosen the relative intensity of bc and buc as the basis for determining and comparing 
the association constant of 2-9f PF6 in different solvent systems (Figure 2.14). The 
initial concentrations of both 1-1 PF6 and 2-11f are 1.45 х 10
-2 
M. 
Table 2.1 Effect of solvent system on the association constants Ka of the 
pseudorotaxane species 2-9f PF6 at 300 K. 




 ∆G [kcal mol-1][b] 
1 CDCl3 4.6 х 10
3
 - 5.03 
2 CDCl3/CD3CN 
(1:1) 
1.9 х 103 - 4.50 
3 CD3CN 5.8 х 10
2
 - 3.79 
4 CD3SOCD3 0 - 
[a] Association constants Ka were evaluated in each solvent system using the expression Ka = 
[2-9f PF6]/([1-1 PF6][2-11f]). [b] The free energies of complexation in all the four solvent 
systems were calculated by applying the equation ∆G = -RTlnKa. 
      The association constant values evaluated for 2-9f PF6 (Table 2.1) revealed a 




) obtained in 
CDCl3. Furthermore, suitable crystal could be grown and analysed for 2-9f PF6 
(Figure 2.15), which explicitly established threaded geometry as predicted. 
 
Figure 2.15 A) Capped stick crystallographic structure of 2-9f PF6, showing short contact 
[C-H•••O] and [N-H•••O] distances (in Å) in red and blue respectively. B) In space-filling 
representation, oxygen atoms of crown ether are represented in red and all the hydrogen 
atoms are omitted for clarity. 




      Encouraged to see both the 23C7 (2-10f) and the 23C7H2 (2-11f) species being 
able to thread 1-1 PF6, we became interested to know if 23C6H2 (2-11e) can generate 
a pseudorotaxane species with 1-1 PF6. An equimolar (0.03 mM) mixture of 2-11e 
and 1-1 PF6 in the MSS was stirred at room temperature, followed by the removal of 
solvent under the reduced pressure without heating (Scheme 2.6).  
 
Scheme 2.6 Generation of pseudo[2]rotaxane 2-9e PF6. 
      The solid residue showed three sets of resonances corresponding to the 
uncomplexed 1-1 PF6, the uncomplexed 2-11e and the complexed (pseudorotaxane) 
species 2-9e PF6, evident from the 
1
H NMR spectra (Figure 2.16), exemplifying the 
ability of the [23]crown ether to thread 1-1 PF6. The peaks corresponding to the 
uncomplexed and the complexed species are denoted with the subscripts “uc” and “c” 
in figure 2.16(ii). It can be noticed from the figure 2.16(ii) that 2-11e formed a stable 
pseudorotaxane species with 1-1 PF6, which can be appreciated from the relative 
intensity of the peaks corresponding to 2-9e PF6 and the uncomplexed species (1-1
PF6 and 2-11e). The ESI-MS spectrum in CHCl3 showed the base peak for 2-9e PF6 
with much lower abundance for 1-1 PF6 (20%, Figure 2.17), acknowledging a 
strong complex. 







Figure 2.16 1H NMR (CDCl3, 500 MHz) spectra of i) 1-1 PF6, ii) 2-9e PF6, iii) 2-11e. To 
appreciate the chemical shift observed in 2-9e PF6 compared to 1-1 PF6 and 2-11e, dotted 
lines are drawn. 
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Figure 2.17 ESI mass spectrum of the equilibrium reaction mixture in CHCl3 displayed base 
peak at m/z 532.2 which corresponds to 2-9e PF6 without its counterion. Weak intensity 
peaks for 2-11e (352.1) and 1-1 PF6 (198) was also observed indicating 2-9e PF6 to be a 
strong pseudorotaxane complex at room temperature. 




      The 
1
H NMR spectra of 2-9e PF6 recorded in different solvent systems (Figure 
2.18) indicated similar trend as observed with 2-9f PF6. Complete dethreading in 
DMSO-d6 (Figure 2.18) at room temperature further accounted for the 




Figure 2.18 Stacked partial 1H NMR spectra (500 MHz) of the equilibrium reaction mixture 
(Scheme 2.6) at room temperature in different solvent systems (i - iv). The peaks of interest 
(ac, auc, bc, buc) were zoomed to appreciate the effect of solvent system in determining the 
position of the equilibrium. 
      Given that the peaks bc and buc are distinctly separated in all the solvents, we have 
chosen the relative intensity of bc and buc as the basis for determining and comparing 
the association constant of 2-9e PF6 in different solvent systems. The initial 
concentrations of both 1-1 PF6 and 2-11e are 1.45 х 10
-2 
M. The calculation of the 
association constant values in different solvent systems (Table 2.2) testified a 




) obtained in 
CDCl3. 




Table 2.2 Effect of solvent system on the association constants Ka of the 
pseudorotaxane species 2-9e PF6 at 300 K. 




 ∆G [kcal mol-1][b] 
1 CDCl3 2.8 х 10
3
 - 4.74 
2 CDCl3/CD3CN 
(1:1) 
5.7 х 102 - 3.78 
3 CD3CN 1.0 х 10
2
 - 2.76 
4 CD3SOCD3 0 - 
[a] Association constants Ka were evaluated in each solvent system using the expression Ka = 
[2-9e PF6]/([1-1 PF6][2-11e]). [b] The free energies of complexation in all the four solvent 
systems were calculated by applying the equation ∆G = -RTlnKa. 
      Although repeated attempts to grow suitable single crystal for 2-9e PF6 failed, the 
Figure 2.11 and Figure 2.15 clearly showed the presence of both [N-H•••O] and [C-
H•••O] interactions in pseudo[2]rotaxanes (2-8f PF6 and 2-9f PF6). Interestingly, 
both the pseudorotaxane species, 2-9e PF6 and 2-9f PF6, exhibited comparable 





The association constant value evaluated for 2-9f PF6 in CDCl3 is slightly 
higher than 2-9e PF6. Even in the other less non-polar solvents (e.g. CD3CN and 
CD3CN/CDCl3), the association constant value for 2-9f PF6  remained higher than 2-
9e PF6, which can only be attributed to the difference in binding ability of the 
different [23]crown ethers (2-11e and 2-11f). The higher binding ability of 2-11f is 
probably due to the presence of an additional oxygen atom (donor atom). 
      The threading capability of the [23]crown ethers instigated the quest to discover if 
[2]R22C6H2 (2-9d PF6) is a rotaxane under all circumstances. Therefore, the 
1
H NMR 
spectra of 2-9d PF6 were recorded in CD3SOCD3 at different temperatures (Figure 
2.19). 







Figure 2.19 Partial 1H NMR spectra (500 MHz, CD3SOCD3) of 2-9d PF6 at various 
temperatures. 
      Figure 2.19 clearly suggested that 2-9d PF6 is a rotaxane at room temperature. 
However, as the temperature was increased to 313 K, a small hump (a) corresponding 
to the free DBA
+
 was observed at 4.1 ppm, whose intensity increased as the 
temperature was raised to 333 K, with concomitant decrease in the intensity of the 
multiplet (b) at 4.4 ppm (corresponding to bound DBA+, 2-9d PF6), suggesting the 
dethreading of [22]crown-6 (22C6H2) from 2-9d PF6 (Figure 2.19). Further increase 
in the temperature (353 K) resulted in the complete dethreading (marked by absence 
of b) and the existence of free DBA
+
 species, 1-1 PF6 (marked by presence of a), 
implying 2-9d PF6 is a kinetically stable [2]rotaxane at the room temperature. The 
observed decrease in the intensity of the peak at 7.9 ppm (corresponding to -NH2
+
-) 
as the temperature was increased, with its complete disappearance at 353 K, further 
corroborates our agreement. Heeding the urge to discover if 2-9d PF6 is a 




pseudorotaxane at higher temperature, we recorded the 
1
H NMR of 2-9d PF6 in 
C2D2Cl4 at the same temperature interval, however, the threading does not happen on 
cooling (373 K → 300 K) once the dethreading takes place (at 373 K), implying the 
slippage of 22C6H2 over DBA
+
 is not possible even at higher temperatures. Likewise, 
the
 1
H NMR of 2-9b PF6 and 2-9c PF6 were recorded in CD3SOCD3 at different 
temperatures (Figure 2.20 & 2.21). No dethreading was observed in either case upon 
heating to 373 K, indicating that both of them are stable [2]rotaxanes due to the steric 
interlocking between the smaller crown ethers and the benzene rings. 
3.64.04.44.85.25.66.06.46.87.27.68.08.48.8
(ppm)
Figure 2.20 Stacked partial 1H NMR spectra (500 MHz, CD3SOCD3) of 2-9b PF6 at 
different temperatures. The peaks of interest (b & -NH2
+
-) were zoomed to appreciate the 
effect of thermal energy in dethreading of [20]crown-6 (20C6H2) crown ether from 2-9b
PF6. Contrary to Figure 2.19 for 2-9d PF6, we did not observe any dethreading of 20C6H2 on 
increasing the temperature to even 373 K, implying that 2-9b PF6 is a kinetically stable 
[2]rotaxane not only at room temperature but also at 373 K. 






Figure 2.21 Stacked partial 1H NMR spectra (500 MHz, CD3SOCD3) of 2-9c PF6 at 
different temperatures. The peaks of interest (b & -NH2
+
-) were zoomed to appreciate the 
effect of thermal energy in dethreading of [21]crown-6 (21C6H2) crown ether from 2-9c PF6. 
Contrary to Figure 2.19 for 2-9d PF6, we did not observe any dethreading of 21C6H2 on 
increasing the temperature to even 373 K, implying that 2-9c PF6 like 2-9b PF6 is a 
kinetically stable [2]rotaxane not only at room temperature but also at 373 K. 
2.3 Conclusions 
      In summary, we have established the fact that the spatial requirement of the -NH2
+
 
moiety provides the final limit to the cavity size of the encircling crown ether. To 
illustrate that, we reported the synthesis of six small [2]rotaxanes with [20], [21] and 
[22]crown ethers encircling the DBA
+
 dumbbell. In addition, we have also found that 
[23]crown ethers can thread DBA
+
 at room temperature. The smallest crown ether 
that could encircle the -NH2
+
- moiety of DBA
+ 
in our study happens to be 20C6. 
Although the space filling representation of 2-8b PF6 showed a very congested cavity 




with almost no free space, the possibility of [19]crown ether encircling the DBA
+ 
dumbbell cannot be ruled out. The failure to generate complex 2-7a PF6, rendered 
the [19]crown-6 precursor (2-2a) unfit for our study. Theoretically the [19]C5 
precursor could be used for the investigation. However, we experimentally realized 
the requirement of a minimum of six oxygen atoms in the polyether backbone for 
reasonably strong complexation with 1-1 PF6. Given that the [21]crown-6 precursor 
(2-2c) gave the best RCM yield with 1-1 PF6 (Scheme 2.2), we repeatedly attempted 
the same with the 21crown-5 precursor without any success. Therefore, we remain 
tentative about 20C6 as the smallest crown ether to encircle the DBA
+ 
dumbbell.  
2.4 Experimental Section 
2.4.1 Materials and methods 
      All reagents and starting materials were bought from the commercial suppliers 
and used without further purification. Compound 1-1 PF6 was prepared according to 
literature.
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 Anhydrous dichloromethane (DCM) was obtained from dry distillation 
of its analytical grade by CaH2. Anhydrous tetrahydrofuran (THF) was obtained by 
distilling its analytical grade with sodium-benzophenone. Always freshly distilled dry 
solvents were used. Column chromatography was performed on silica gel 60 (Merck 
40-60 nm, 230-400 mesh). Deuterated solvents (Cambridge Isotope Laboratories) for 
NMR spectroscopic analyses were used as received. All the NMR spectra were 
recorded on a Bruker AMX500 NMR spectrometer at 500 MHz with 
tetramethylsilane (TMS) as the internal standard. All chemical shifts are quoted in 
ppm with multiplicities being denoted by s (singlet), d (doublet), t (triplet), m 
(multiplet), and br (broad). Mass spectra were recorded on a Finnigan LCQ 
quadrapole ion trap mass spectrometer and a Shimadzu LCMS-IT-TOF, in ESI mode. 
The crystallographic data collection was carried out at 293K on a Bruker-AXS Smart 




Apex CCD single-crystal diffractometer. 
2.4.2 X-ray crystallographic analysis 
All obtained crystals are found to be colorless. 
 
Crystal data for 2-8b PF6: Single crystals were grown by liquid diffusion of 
diisopropyl ether into a solution of 2-8b PF6 in   CHCl3. Crystal size: 0.50 x 0.46 x 
0.46 mm
3
, Formula: C28H42F6NO6P, M = 633.60, space group Cc, Monoclinic, a = 
13.4798(19) Å, b = 24.491(3) Å, c = 11.1040(12) Å, α = 90°, β = 122.469(3)°, γ = 
90°, V = 3092.8(7) Å
3
, Z = 4, Calculated density = 1.361 g/cm
3
, μ = 0.166 mm-1, 8958 
reflections collected, 5044 observed independent reflections (Rint = 0.0282) gave R = 
0.0503 for I > 2σ(I) and wR2 was 0.1038. 
 
Crystal data for 2-8c PF6: Single crystals were grown by liquid diffusion of n-hexane 
into a solution of 2-8c PF6 in CHCl3. Crystal size: 0.60 x 0.46 x 0.12 mm
3
, Formula: 
C29H44F6NO6P, M = 647.62, space group P2(1)/c, Monoclinic, a = 13.7552(15) Å, b = 
13.8563(15) Å, c = 16.5085(17) Å, α = 90°, β = 96.093(3)°, γ = 90°, V = 3128.7(6) 
Å
3
, Z = 4, Calculated density = 1.375 g/cm
3
, μ = 0.166 mm-1, 22165 reflections 
collected, 7170 observed independent reflections (Rint = 0.0367) gave R = 0.0581 for I 




> 2σ(I) and wR2 was 0.1395. 
 
Crystal data for 2-8d PF6: Single crystals were grown by liquid diffusion of n-hexane 
into a solution of 2-8d PF6 in CHCl3. Crystal size: 0.46 x 0.20 x 0.10 mm
3
, Formula: 
C30H46F6NO6P, M = 661.65, space group P2(1)/c, Monoclinic, a = 8.538(5) Å, b = 
33.09(2) Å, c = 11.751(7) Å, α = 90°, β = 97.90(2)°, γ = 90°, V = 3288(3) Å3, Z = 4, 
Calculated density = 1.336 g/cm
3
, μ = 0.159 mm-1, 19121 reflections collected, 5782 
observed independent reflections (Rint = 0.0559) gave R = 0.0754 for I > 2σ(I) and 
wR2 was 0.1873. 
 
Crystal data for 2-9c PF6: Single crystals were grown by liquid diffusion of n-hexane 
into a solution of 2-9c PF6 in CHCl3. Crystal size: 0.60 x 0.20 x 0.14 mm
3
, Formula: 
C29H46F6NO6P, M = 649.64, space group P2(1)/c, Monoclinic, a = 15.9763(8) Å, b = 
13.6353(7) Å, c = 15.3457(7) Å, α = 90°, β = 104.633(2)°, γ = 90°, V = 3234.5(3) Å3, 
Z = 4, Calculated density = 1.334 g/cm
3
, μ = 0.160 mm-1, 22527 reflections collected, 
7394 observed independent reflections (Rint = 0.0401) gave R = 0.0685 for I > 2σ(I) 
and wR2 was 0.1630. 





Crystal data for 2-8f PF6: Single crystals were grown by liquid diffusion of n-hexane 
into an equimolar solution of 2-10f and 1-1 PF6 in CHCl3. Crystal size: 0.60 x 0.26 x 
0.20 mm
3
, Formula: C30H46F6NO7P, M = 677.65, space group P2(1)/c, Monoclinic, a 
= 8.7020(7) Å, b = 32.962(3) Å, c = 11.4583(10) Å, α = 90°, β = 93.616(3)°, γ = 90°, 
V = 3280.1(5) Å
3
, Z = 4, Calculated density = 1.372 g/cm
3
, μ = 0.163 mm-1, 23572 
reflections collected, 7513 observed independent reflections (Rint = 0.0563) gave R = 
0.0597 for I > 2σ(I) and wR2 was 0.1283. 
 
Crystal data for 2-9f PF6: Single crystals were grown by liquid diffusion of 
diisopropyl ether into an equimolar solution of 2-11f and 1-1 PF6 in CHCl3. Crystal 
size: 0.60 x 0.48 x 0.22 mm
3
, Formula: C30H48F6NO7P, M = 679.66, space group 
P2(1), Monoclinic, a = 8.3591(10) Å, b = 33.576(4) Å, c = 12.1989(15) Å, α = 90°, β 
= 99.083(3)°, γ = 90°, V = 3380.9(7) Å3, Z = 4, Calculated density = 1.335 g/cm3, μ = 
0.159 mm
-1
, 24161 reflections collected, 12712 observed independent reflections (Rint 
= 0.0307) gave R = 0.0460 for I > 2σ(I) and wR2 was 0.1085. 
2.4.3 Synthetic procedures and characterization data 




Synthesis of 2-5: Dry THF (24 mL) was added to NaH (0.5 g, 12.5 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of pentaethylene glycol (2-3) (1 g, 4.2 mmol). After 2 hours of stirring, 1,4 - 
diiodobutane (1.56 g, 5.03 mmol) was added and the reaction mixture was heated at 
80
o
C for 48 hours. The reaction mixture was then cooled to room temperature. Cold 
water was added to the reaction mixture to quench the excess NaH, followed by 
extraction with CHCl3. The organic layer was washed by brine, dried over anhydrous 
Na2SO4, and the solvent was then removed under vacuum leaving a residue which 
was purified by column chromatography (silica gel, acetone/hexane = 2:3) to give 
compound 2-5 (0.35 g, 29%). 
1
H NMR (500 MHz, CDCl3): δ = 5.85 (m, 1 H, 
C(H)=CH2), 5.10-5.01 (m, 2 H, CH=C(H2)), 3.71 (br, 2 H, OCH2CH2O), 3.68-3.63 
(br, 14 H, OCH2CH2O), 3.61 (br, 4 H, OCH2CH2O), 3.51 (t, J = 6.9 Hz, 2 H, CH2), 
2.36 (m, 2 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 135.1, 116.3, 72.5, 71.1, 70.8, 
70.66, 70.60, 70.56, 70.52, 70.3, 70.1, 61.7, 34.1. HR MS (ESI): m/z Calcd for 
C14H28O6Na [M+Na]
+
: 315.1778, found 315.1770. 
Synthesis of 2-6: Dry THF (48 mL) was added to NaH (1.1 g, 27.5 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of pentaethylene glycol (2-3) (2 g, 8.39 mmol). After 2 hours of stirring, allyl 
bromide (1.52 g, 12.56 mmol) was added and stirred for 36 hours. Cold water was 
added to the reaction mixture to quench the excess NaH, followed by extraction with 
CHCl3. The organic layer was washed by brine, dried over anhydrous Na2SO4, and the 
solvent was then removed under vacuum leaving a residue which was purified by 
column chromatography (silica gel, acetone/hexane = 2:3) to give compound 2-6 
(0.56 g, 24%). 
1
H NMR (500 MHz, CDCl3): δ = 5.95 (m, 1 H, C(H)=CH2), 5.29-5.24 
(m, 1 H, CH=C(H2)), 5.18-5.16 (m, 1 H, CH=C(H2)), 4.03 (m, 2 H, CH2), 3.73 (br, 2 




H, OCH2CH2O), 3.66 (br, 14 H, OCH2CH2O), 3.60 (br, 4 H, OCH2CH2O). 
13
C NMR 
(125 MHz, CDCl3): δ = 134.8, 117.1, 117.0, 72.5, 72.2, 70.63, 70.58, 70.56, 70.3, 
69.4, 61.7. HR MS (ESI): m/z Calcd for C13H26 O6Na [M+Na]
+
: 301.1622, found 
301.1623. 
Synthesis of 2-2a: Compound 2-6 (0.5 g, 1.79 mmol) was dissolved in ethyl vinyl 
ether (10 mL). A solution of Pd(OAc)2 (0.06 g, 0.089 mmol) and 1,10-phenanthroline 
(0.017 g, 0.098 mmol) in DCM (5 mL) was added to the solution containing 
compound 2-6 and stirred for 7 days. The mixture was filtered over celite and 
concentrated in vacuum leaving a residue which was purified by column 
chromatography (silica gel, acetone/hexane = 1:4) to give compound 2-2a (0.16 g, 
30%). 
1
H NMR (500 MHz, CDCl3): δ = 6.51 (dd, 
4
Jtrans = 14.5 Hz, 
4
Jcis = 6.9 Hz, 1 H, 
OC(H)=CH2), 5.95 (m, 1 H, C(H)=CH2), 5.29-5.24 (m, 1 H, CH=C(H2)), 5.18-5.16 
(m, 1 H, CH=C(H2)), 4.19-4.16 (dd, 
4
Jtrans = 14.5 Hz, 
2
J = 1.9 Hz, 1 H, OCH=C(H2)), 
4.02-3.99 (br, 3 H, CH2 & OCH=C(H2)), 3.84 (m, 2 H, OCH2CH2O), 3.74 (m, 2 H, 
OCH2CH2O), 3.66-3.64 (br, 14 H, OCH2CH2O), 3.60 (m, 2 H, OCH2CH2O). 
13
C 
NMR (125 MHz, CDCl3): δ = 151.7, 134.7, 117.0, 86.6, 72.2, 70.7, 70.63, 70.61, 
70.58, 69.6, 69.4, 67.2. HR MS (ESI): m/z Calcd for C15H28O6Na [M+Na]
+
: 
327.1778, found 327.1794. 
Synthesis of 2-2b: Dry THF (30 mL) was added to NaH (2.5 g, 62.95 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of pentaethylene glycol (2-3) (1.5 g, 6.3 mmol). After 2 hours of stirring, 
allyl bromide (3.05 g, 25.18 mmol) was added and stirred for 36 hours. Cold water 
was added to the reaction mixture to quench the excess NaH, followed by extraction 
with CHCl3. The organic layer was washed by brine, dried over anhydrous Na2SO4, 
and the solvent was then removed under vacuum leaving a residue which was purified 




by column chromatography (silica gel, acetone/hexane = 1:4) to give compound 2-2b 
(1.01 g, 51%). 
1
H NMR (500 MHz, CDCl3): δ = 5.94 (m, 2 H, C(H)=CH2), 5.28-5.24 
(m, 2 H, CH=C(H2)), 5.18-5.15 (m, 2 H, CH=C(H2)), 4.01 (m, 4 H, CH2), 3.66-3.64 
(br, 16 H, OCH2CH2O), 3.60 (m, 4 H, OCH2CH2O). 
13
C NMR (125 MHz, CDCl3): δ 
= 134.7, 116.9, 72.1, 70.54, 70.51, 69.3. HR MS (ESI): m/z Calcd for C16H30O6Na 
[M+Na]
+
: 341.1935, found 341.1950. 
Synthesis of 2-2c: Dry THF (10 mL) was added to NaH (0.14 g, 3.48 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of compound 2-5 (0.51 g, 1.74 mmol). After 2 hours of stirring, allyl bromide 
(0.42 g, 3.48 mmol) was added and stirred for 36 hours. Cold water was added to the 
reaction mixture to quench the excess NaH, followed by extraction with CHCl3. The 
organic layer was washed by brine, dried over anhydrous Na2SO4, and the solvent was 
then removed under vacuum leaving a residue which was purified by column 
chromatography (silica gel, acetone/hexane = 1:4) to give compound 2-2c (0.43 g, 
75%). 
1
H NMR (500 MHz, CDCl3): δ = 5.91-5.83 (m, 1 H, C(H)=CH2), 5.81-5.73 (m, 
1 H, C(H)=CH2), 5.25-5.21 (m, 1 H, CH=C(H2)), 5.14-5.12 (m, 1 H, CH=C(H2)), 
5.06-5.02 (m, 1 H, CH=C(H2)), 4.99-4.97 (m, 1 H, CH=C(H2)), 3.98 (m, 2 H, CH2), 
3.62-3.59 (br, 16 H, OCH2CH2O), 3.56 (m, 4 H, OCH2CH2O), 3.48 (t, J = 6.9 Hz, 2 
H, CH2), 2.32 (m, 2 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 135.0, 134.7, 116.9, 
116.2, 72.1, 70.55, 70.51, 70.49, 70.47, 70.0, 69.3, 34.0. HR MS (ESI): m/z Calcd for 
C17H32O6Na [M+Na]
+
: 355.2091, found 355.2107. 
Synthesis of 2-2d: Dry THF (22 mL) was added to NaH (1.71 g, 42.80 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of pentaethylene glycol (2-3) (1.02 g, 4.28 mmol). After 2 hours of stirring, 
1,4 - diiodobutane (5.30 g, 17.12 mmol) was added and the reaction mixture was 




heated at 80 
o
C for 48 hours. The reaction mixture was then cooled to room 
temperature. Cold water was added to the reaction mixture to quench the excess NaH, 
followed by extraction with CHCl3. The organic layer was washed by brine, dried 
over anhydrous Na2SO4, and the solvent was then removed under vacuum leaving a 
residue which was purified by column chromatography (silica gel, acetone/hexane = 
1:4) to give compound 2-2d (0.66 g, 45%). 
1
H NMR (500 MHz, CDCl3): δ = 5.84 (m, 
2 H, C(H)=CH2), 5.09-5.01 (m, 4 H, CH=C(H2)), 3.64-3.62 (br, 16 H, OCH2CH2O), 
3.59 (m, 4 H, OCH2CH2O), 3.51 (t, J = 6.9 Hz, 4 H, CH2), 2.35 (m, 2 H, CH2). 
13
C 
NMR (125 MHz, CDCl3): δ = 135.1, 116.2, 70.66, 70.61, 70.59, 70.58, 70.1, 34.1. 
HR MS (ESI): m/z Calcd for C18H34O6Na [M+Na]
+
: 369.2248, found 369.2263. 
Synthesis of 2-2e: Dry THF (10 mL) was added to NaH (0.185 g, 4.61 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of compound 2-5 (0.45 g, 1.54 mmol). After 2 hours of stirring, 5-bromo-1-
pentene (0.92 g, 6.15 mmol) was added and stirred for 36 hours. Cold water was 
added to the reaction mixture to quench the excess NaH, followed by extraction with 
CHCl3. The organic layer was washed by brine, dried over anhydrous Na2SO4, and the 
solvent was then removed under vacuum leaving a residue which was purified by 
column chromatography (silica gel, acetone/hexane = 1:4) to give compound 2-2e 
(0.29 g, 54%). 
1
H NMR (500 MHz, CDCl3): δ = 5.84 (m, 2 H, C(H)=CH2), 5.09-4.93 
(m & br, 4 H, CH=C(H2)), 3.64-3.61 (br, 16 H, OCH2CH2O), 3.57 (m, 4 H, 
OCH2CH2O), 3.51 (t, J = 6.9 Hz, 2 H, CH2), 3.45 (t, J = 6.3 Hz, 2 H, CH2), 2.35 (m, 2 
H, CH2), 2.12 (m, 2 H, CH2), 1.66 (p, 2 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 
138.2, 135.1, 116.3, 114.6, 70.67, 70.63, 70.58, 70.57, 70.1, 70.0, 34.1, 30.2, 28.7. 
HR MS (ESI): m/z Calcd for C19H36O6Na [M+Na]
+
: 383.2404, found 383.2417. 




Synthesis of 2-2f: Dry THF (35 mL) was added to NaH (2.83 g, 70.8 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of hexaethylene glycol (2-4) (2 g, 7.08 mmol). After 2 hours of stirring, allyl 
bromide (3.5 g, 28.33 mmol) was added and stirred for 36 hours. Cold water was 
added to the reaction mixture to quench the excess NaH, followed by extraction with 
CHCl3. The organic layer was washed by brine, dried over anhydrous Na2SO4, and the 
solvent was then removed under vacuum leaving a residue which was purified by 
column chromatography (silica gel, acetone/hexane = 1:4) to give compound 2-2f (1.7 
g, 67%). 
1
H NMR (500 MHz, CDCl3): δ = 5.91 (m, 2 H, C(H)=CH2), 5.25-5.21 (m, 2 
H, CH=C(H2)), 5.14-5.12 (m, 2 H, CH=C(H2)), 3.98 (m, 4 H, CH2), 3.62-3.61 (br, 20 
H, OCH2CH2O), 3.57 (m, 4 H, OCH2CH2O). 
13
C NMR (125 MHz, CDCl3): δ = 134.7, 
116.9, 72.1, 70.52, 70.49, 69.3. HR MS (ESI): m/z Calcd for C18H34O7Na [M+Na]
+
: 
385.2197, found 385.2208. 
Synthesis of 2-10e: Compound 2-2e (0.16 g, 0.44 mmol) was dissolved in dry DCM 
(440 mL) under nitrogen atmosphere. 2
nd
 Generation Grubbs catalyst (0.037 g, 0.04 
mmol) was added and the resulting mixture was refluxed for 60 hours. The reaction 
mixture was cooled followed by quenching with ethyl vinyl ether. The excess solvent 
was removed in vacuum and the residue was subjected to column chromatography 
(silica gel, MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 2-10e (0.11 g, 
75%). 
1
H NMR (500 MHz, CDCl3): δ = 5.50 (m, 2 H, C(H)=C(H)), 3.69 – 3.56 (br, 
20 H, OCH2CH2O), 3.53 – 3.45 (m, 4 H, CH2), 2.38 – 2.08 (m, 4 H, CH2), 1.66 (m, 2 
H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 131.3, 127.8, 71.0, 70.99, 70.94, 70.81, 
70.80, 70.74, 70.72, 70.6, 70.27, 70.23, 33.0, 29.2, 29.0. HR MS (ESI): m/z Calcd for 
C17H32O6Na [M+Na]
+
: 355.2091, found 355.2092. 




Synthesis of 2-11e: Compound 2-10e (0.19 g, 0.57 mmol) was dissolved in dry THF 
(12 mL) under nitrogen atmosphere. A pinch of Pd/C (cat) was added and the 
resulting suspension was stirred under an atmosphere of hydrogen for 16 hours. The 
reaction mixture was filtered through celite to remove Pd/C and concentrated in 
vacuum. The crude residue was purified by column chromatography (silica gel, 
MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 2-11e (0.17 g, 89%). 
1
H NMR 
(500 MHz, CDCl3): δ = 3.70 (br, 4 H, OCH2CH2O), 3.68 (br, 8 H, OCH2CH2O), 3.64 
(m, 4 H, OCH2CH2O), 3.58 (m, 4 H, OCH2CH2O), 3.48 (t, J = 6.3 Hz, 4 H, CH2), 
1.62–1.54 (br, 4 H, CH2), 1.43-1.30 (br, 6 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 
71.08, 71.06, 70.87, 70.80, 70.7, 70.4, 29.5, 28.9, 26.2. HR MS (ESI): m/z Calcd for 
C17H34O6Na [M+Na]
+
: 357.2248, found 357.2257. 
Synthesis of 2-10f: Compound 2-2f (0.15 g, 0.41 mmol) was dissolved in dry DCM 
(410 mL) under nitrogen atmosphere. 2
nd
 Generation Grubbs catalyst (0.035 g, 0.041 
mmol) was added and the resulting mixture was refluxed for 60 hours. The reaction 
mixture was cooled followed by quenching with ethyl vinyl ether. The excess solvent 
was removed in vacuum and the residue was subjected to column chromatography 
(silica gel, MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 2-10f (0.08 g, 
58%). 
1
H NMR (500 MHz, CDCl3): δ = 5.82 (m, 2 H, C(H)=C(H)), 4.05 (m, 4 H, 
CH2), 3.68-3.65 (br, 20 H, OCH2CH2O), 3.61 (m, 4 H, OCH2CH2O). 
13
C NMR (125 
MHz, CDCl3): δ = 129.3, 70.95, 70.92, 70.79, 70.76, 69.4. HR MS (ESI): m/z Calcd 
for C16H30O7Na [M+Na]
+
: 357.1884, found 357.1892. 
Synthesis of 2-11f: Compound 2-10f (0.18 g, 0.53 mmol) was dissolved in dry THF 
(12 mL) under nitrogen atmosphere. A pinch of Pd/C (cat) was added and the 
resulting suspension was stirred under an atmosphere of hydrogen for 16 hours. The 
reaction mixture was filtered through celite to remove Pd/C and concentrated in 




vacuum. The crude residue was purified by column chromatography (silica gel, 
MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 2-11f (0.16 g, 91%). 
1
H NMR 
(500 MHz, CDCl3): δ = 3.69 (br, 8 H, OCH2CH2O), 3.67-3.64 (br, 12 H, 
OCH2CH2O), 3.59 (m, 4 H, OCH2CH2O), 3.51 (t, J = 5.6 Hz, 4 H, CH2), 1.66 (p, J = 
3.1 Hz, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 70.99, 70.97, 70.92, 70.82, 
70.79, 70.75, 70.2, 26.4. HR MS (ESI): m/z Calcd for C16H32O7Na [M+Na]
+
: 
359.2040, found 359.2045. 
Synthesis of [2]R20C6, 2-8b PF6: Compound 1-1 PF6 (0.06 g, 0.174 mmol) and 
compound 2-2b (0.11 g, 0.349 mmol) were dissolved in the mixed solvent (40 mL, 
CHCl3/CH3CN = 3:1 (v/v)). The solution was stirred for 24 hours and the solvent was 
then removed under vacuum without heating and then the residue (2-7b PF6) was 
dissolved in dry DCM (350 mL, 0.001 M) under nitrogen atmosphere. 2
nd
 Generation 
Grubbs catalyst (0.03 g, 0.034 mmol) was added and the resulting mixture was 
refluxed for 60 hours. The reaction mixture was cooled followed by quenching with 
ethyl vinyl ether. The excess solvent was removed in vacuum and the residue was 
subjected to column chromatography (silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the 
desired product 2-8b PF6 (0.07 g, 64%). 
1
H NMR (500 MHz, CDCl3): δ = 8.02 (br, 2 
H, NH2
+
), 7.47-7.38 (br, 10 H, ph), 5.81 (br, 2 H, C(H)=C(H)), 4.48 (m, 4 H, 
C(H2)NH2
+
), 3.97 (br, 4 H, CH2), 3.75 (br, 4 H, OCH2CH2O), 3.63 (br, 4 H, 
OCH2CH2O), 3.50 (br, 4 H, OCH2CH2O), 3.38-3.35 (br, 8 H, OCH2CH2O). 
13
C NMR 
(125 MHz, CDCl3): δ = 132.8, 132.1, 130.5, 129.5, 128.9, 128.7, 71.3, 70.79, 70.73, 




Synthesis of [2]R21C6, 2-8c PF6: Compound 1-1 PF6 (0.07 g, 0.204 mmol) and 
compound 2-2c (0.135 g, 0.407 mmol) were dissolved in the mixed solvent (40 mL, 




CHCl3/CH3CN = 3:1 (v/v)). The solution was stirred for 24 hours and the solvent was 
then removed under vacuum without heating and then the residue (2-7c PF6) was 
dissolved in dry DCM (410 mL, 0.001 M) under nitrogen atmosphere. 2
nd
 Generation 
Grubbs catalyst (0.035 g, 0.04 mmol) was added and the resulting mixture was 
refluxed for 60 hours. The reaction mixture was cooled followed by quenching with 
ethyl vinyl ether. The excess solvent was removed in vacuum and the residue was 
subjected to column chromatography (silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the 
desired product 2-8c PF6 (0.115 g, 87%). 
1
H NMR (500 MHz, CDCl3): δ = 7.89 (br, 
2 H, NH2
+
), 7.44-7.41 (br, 10 H, ph), 5.82 (m, 2 H, C(H)=C(H)), 4.48-4.37 (m, 4 H, 
C(H2)NH2
+
), 4.00 (br, 2 H, CH2), 3.72 (br, 4 H, OCH2CH2O), 3.68-3.65 (br, 4 H, 
OCH2CH2O), 3.61 (t, J = 5 Hz, 2 H, OCH2CH2O), 3.57 (m, 2 H, OCH2CH2O), 3.41 
(m, 2 H, OCH2CH2O), 3.34 (m, 2 H, OCH2CH2O), 3.18 (m, 2 H, OCH2CH2O), 3.13 
(m, 2 H, OCH2CH2O), 3.09 (m, 2 H, CH2), 2.46 (m, 2 H, CH2). 
13
C NMR (125 MHz, 
CDCl3): δ = 136.5, 131.9, 130.1, 129.6, 128.9, 127.8, 72.5, 71.97, 71.88, 71.5, 71.27, 
71.21, 70.7, 70.43, 70.39, 70.30, 70.24, 70.21, 51.3, 33.6. HR MS (ESI): m/z Calcd 
for C29H44NO6 [M-PF6]
+
: 502.3163, found 502.3164. 
Synthesis of [2]R22C6, 2-8d PF6: Compound 1-1 PF6 (0.075 g, 0.218 mmol) and 
compound 2-2d (0.151 g, 0.436 mmol) were dissolved in the mixed solvent (40 mL, 
CHCl3/CH3CN = 3:1 (v/v)). The solution was stirred for 24 hours and the solvent was 
then removed under vacuum without heating and then the residue (2-7d PF6) was 
dissolved in dry DCM (440 mL, 0.001 M) under nitrogen atmosphere. 2
nd
 Generation 
Grubbs catalyst (0.038 g, 0.04 mmol) was added and the resulting mixture was 
refluxed for 60 hours. The reaction mixture was cooled followed by quenching with 
ethyl vinyl ether. The excess solvent was removed in vacuum and the residue was 
subjected to column chromatography (silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the 




desired product 2-8d PF6 (0.10 g, 70%). 
1
H NMR (500 MHz, CDCl3): δ = 7.70 (br, 2 
H, NH2
+
), 7.45-7.40 (br, 10 H, ph), 5.55 (br, 2 H, C(H)=C(H)), 4.46 (br, 4 H, 
C(H2)NH2
+
), 3.71-3.59 (br, 12 H, OCH2CH2O), 3.49-3.45 (br, 4 H, OCH2CH2O), 3.24 
(br, 4 H, OCH2CH2O), 3.08-3.03 (br, 4 H, CH2), 2.38 (br, 4 H, CH2). 
13
C NMR (125 
MHz, CDCl3): δ = 131.7, 130.5, 130.1, 129.91, 129.88, 129.5, 128.9, 71.84, 71.79, 
71.73, 71.6, 71.2, 71.1, 70.5, 70.4, 70.33, 70.28, 52.4, 52.1, 32.9. HR MS (ESI): m/z 
Calcd for C30H46NO6 [M-PF6]
+
: 516.3320, found 516.3331. 
Synthesis of [2]R20C6H2, 2-9b PF6: Compound 2-8b PF6 (0.07 g, 0.11 mmol) was 
dissolved in dry THF (12 mL) under nitrogen atmosphere. A pinch of Pd/C (cat) was 
added and the resulting suspension was stirred under an atmosphere of hydrogen for 
16 hours. The reaction mixture was filtered through celite to remove Pd/C and 
concentrated in vacuum. The crude residue was purified by column chromatography 
(silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the desired product 2-9b PF6 (0.047 g, 
67%). 
1
H NMR (500 MHz, CDCl3): δ = 8.37 (br, 2 H, NH2
+
), 7.52-7.38 (br, 10 H, 
ph), 4.61 (br, 4 H, C(H2)NH2
+
), 3.78-3.70 (br, 12 H, OCH2CH2O), 3.60 (br, 4 H, 
OCH2CH2O), 3.48 (br, 4 H, OCH2CH2O), 3.18 (br, 4 H, CH2), 1.11 (br, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 132.3, 131.0, 129.5, 128.7, 71.6, 70.9, 70.8, 70.2, 
70.1, 50.9, 25.0. HR MS (ESI): m/z Calcd for C28H44NO6 [M-PF6]
+
: 490.3163, found 
490.3167. 
Synthesis of [2]R21C6H2, 2-9c PF6: Compound 2-8c PF6 (0.07 g, 0.108 mmol) was 
dissolved in dry THF (12 mL) under nitrogen atmosphere. A pinch of Pd/C (cat) was 
added and the resulting suspension was stirred under an atmosphere of hydrogen for 
16 hours. The reaction mixture was filtered through celite to remove Pd/C and 
concentrated in vacuum. The crude residue was purified by column chromatography 
(silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the desired product 2-9c PF6 (0.05 g, 






H NMR (500 MHz, CDCl3): δ = 8.02 (br, 2 H, NH2
+
), 7.47-7.39 (br, 10 H, 
ph), 4.57 (m, 4 H, C(H2)NH2
+
), 3.73-3.68 (br, 8 H, OCH2CH2O), 3.56-3.55 (br, 8 H, 
OCH2CH2O), 3.28 (m, 4 H, OCH2CH2O), 3.03 (s, 4 H, CH2), 1.70-1.62 (br, 6 H, 
CH2). 
13
C NMR (125 MHz, CDCl3): δ = 131.7, 130.3, 129.6, 128.8, 72.1, 72.0, 71.2, 
71.1, 70.19, 70.14, 51.4, 30.0, 25.3. HR MS (ESI): m/z Calcd for C29H46NO6 [M-
PF6]
+
: 504.3320, found 504.3334. 
Synthesis of [2]R22C6H2, 2-9d PF6: Compound 2-8d PF6 (0.1 g, 0.15 mmol) was 
dissolved in dry THF (12 mL) under nitrogen atmosphere. A pinch of Pd/C (cat) was 
added and the resulting suspension was stirred under an atmosphere of hydrogen for 
16 hours. The reaction mixture was filtered through celite to remove Pd/C and 
concentrated in vacuum. The crude residue was purified by column chromatography 
(silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the desired product 2-9d PF6 (0.081 g, 
81%). 
1
H NMR (500 MHz, CDCl3): δ = 7.95 (br, 2 H, NH2
+
), 7.48-7.43 (br, 10 H, ph), 
4.48 (m, 4 H, C(H2)NH2
+
), 3.75-3.72 (br, 8 H, OCH2CH2O), 3.59-3.55 (br, 8 H, 
OCH2CH2O), 3.21 (m, 4 H, OCH2CH2O), 2.95 (s, 4 H, CH2), 1.63 (br, 4 H, CH2), 
1.50 (br, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 131.3, 130.1, 129.7, 128.9, 
72.1, 71.1, 71.0, 70.8, 70.3, 70.2, 51.9, 29.4, 25.4. HR MS (ESI): m/z Calcd for 
C30H48NO6 [M-PF6]
+
: 518.3476, found 518.3484. 





Is It Possible to Generate [2]Rotaxanes by Clipping 




      Chapter 2 described the successful synthesis of a series of [2]rotaxane on 
dibenzylammonium dumbbell by clipping [20], [21], and [22]crown ethers.
138
 The 
ability of [19]crown ether to encircle dibenzylammonium dumbbell still remains a 
mystery because a stable acyclic [19]crown ether precursor having strong recognition 
ability for DBA
+
 (needed for clipping methodology) is still lacking. Acyclic diolefin 
polyethers incorporating less than six oxygen atoms have been found (in our lab) to 
have very weak interactions with DBA
+
. On the other hand, the incorporation of six 
oxygen atoms in the acyclic [19]crown ether precursor
138
 made it susceptible to 
decomposition in presence of the DBA
+
, leaving us no choice but to use a maximum 
of five oxygen atoms in the acyclic diolefin polyether. To tackle this issue, the mutual 
recognition between DBA
+
 and acyclic diolefin polyether (incorporating five oxygen 
atoms) is needed to be enhanced. The mutual recognition can be enhanced either by 
increasing the templating effect of the dumbbell DBA
+
 and/or increasing the basicity 
of the donor atoms in the acyclic polyether and/or inclusion of additional stabilizing 
interactions in the acyclic polyether. 
      Substitution on DBA dumbbells can influence the templating ability of the DBA
+
. 
In the past, the substituents on the DBA dumbbells seemed to have significant effect 
on the kinetics and thermodynamics for the clipping reaction. In 2003, Stoddart et 






 reported the effect of three different kinds of substituted DBA dumbbells on the 
rate of clipping and stability of the [2]rotaxane formed. The nature of the dumbbells 




bis(trifluoromethyl)benzyl)ammonium]. Irrespective of the clipping precursors used, 
the [2]rotaxanes obtained on bis(3,5-bis(trifluoromethyl)benzyl)ammonium were 
found to be thermodynamically most stable. This might be due to the higher acidity of 
the -NH2
+
- and the adjacent benzylic protons and therefore it is reasonable to assume 
that bis(3,5-bis(trifluoromethyl)benzyl)ammonium ion will have higher affinity for a 
given acyclic polyether than the unsubstituted DBA
+
. Likewise, we can expect any 
substitution on DBA
+
 leading to an increase in the acidity of these -
C(H2)N(H2)
+
C(H2)- protons will be reflected with an increase in the templating effect 
of the substituted DBA
+
. 
      In the supramolecular system involving crown ethers and DBA
+
, the non-covalent 
interactions such as [N
+
-H···O], [C-H···O] hydrogen bonding are the most important 
stabilizing interactions. The factors enhancing the basicity of the donor atoms 
(essentially H-bond accepting ability) in the crown ether will enhance its 
complexation ability which is evident from the binding abilities of crown ethers 
DB24C8 and 24C8. Replacement of the phenolic oxygen atoms (in DB24C8) with 
more basic ether oxygen atoms (in 24C8) increases the binding ability of the 24C8 
crown ether.
119
 Similarly substituting oxygen atoms (in DB24C8) with more basic 





 Moreover, the increase in flexibility of the crown ether (from 
DP24C8 to P24C8) also enhances the binding ability of the crown ether.
122b
 




      Secondary stabilizing interactions involving the aromatic moieties in crown ether 
and DBA
+





 with each tetraethylene glycol loop satisfying the 
hydrogen bonding requirement reveals the presence of additional (secondary) 
stabilizing interactions also substantiated by the solid-state structure.
117b
 Even the 




 and DB24C8 
revealed the presence of π-π stacking (secondary) stabilizing interactions. Chiu et al. 
reported
139
 the existence of and highlighted the importance of many different kinds of 
secondary stabilizing interactions in the crown ether-DBA
+
 complexes. The factors 
leading to increase in the complexation ability of crown ethers is expected to have 
similar effects in the acyclic diolefin polyethers if emulated.  
      Taking a cue from these studies, we envisaged that suitably designed DBA
+
 
dumbbells with enhanced templating effect and crown ethers incorporating more basic 
donor atoms and aromatic units for participation in secondary stabilizing interactions, 
are promising candidates for attempting the synthesis of [2]rotaxane incorporating 
[19]crown ether. For this purpose, we have chosen four different dumbbells 1-1 PF6, 
3-1 PF6, 3-2 BAr4 and 3-3 PF6 and two different acyclic diolefin [19]crown ether 
precursors 3-6 and 3-7. Herein, we describe the fate of ring-closing-metathesis (RCM) 
of two acyclic diolefin polyethers independently in the presence of different 
dumbbells. 
3.2 Results and Discussion 
3.2.1 Substrate scope 
3.2.1.1 Choice of dumbbells 





Figure 3.1 Molecular structures of dumbbells 1-1 PF6, 3-1 PF6, 3-2 BAr4, and 3-3 PF6. 
      The dumbbell 1-1 PF6 is synthesized according to the reported literature
117
 and is 
chosen as the reference dumbbell. The solubility of 1-1 PF6 is poor in chlorinated 
solvents but improves in presence of acyclic diolefin polyethers with six oxygen 
atoms.
138
 However we found that acyclic diolefin polyether containing five oxygen 
atoms cannot make the salt 1-1 PF6 soluble in chlorinated solvents, and therefore we 
thought of modifying 1-1 PF6 by attaching four methoxy groups at the appropriate 
positions to give 3-1 PF6, expected to have increased solubility in chlorinated 
solvents thus facilitating mutual recognition with acyclic diolefin polyether 
(containing five oxygen atoms) in the same chlorinated solvent. The synthesis of 3-
1 PF6 was done according to the reported literature.
129
 On the other hand the mutual 
recognition with acyclic diolefin polyether can be increased by enhancing the 
templating effect of 1-1 PF6 by introducing strong electron-withdrawing groups like 
trifluoromethyl at the appropriate places
123
 to give 3-2 BAr4.  
 
Scheme 3.1 Synthesis of 3-2 BAr4 by protonation of compound 3-4 followed by counter 
ion exchange done with NaBAr4. 
      The compound 3-4 was synthesized according to the reported literature.
123
 The 
compound 3-4 was then protonated with 2M hydrochloric acid resulting in 
quantitative yield of compound 3-5 Cl, which is again subjected to counter ion 




exchange with lipophilic anion BAr4 to give 3-2 BAr4 in quantitative yield. The 
1
H 
NMR spectrum of 3-2 BAr4 revealed the benzylic protons resonating at ~4.4 ppm 
(Figure 3.2(iii)), downfield compared to the same in 1-1 PF6 (~4.2 ppm, Figure 
3.2(i)), indicating the possibility of higher templating effect. Likewise we found from 
the literature,
122b
 the benzylic protons in 3-3 PF6 resonate at ~4.8 ppm (Figure 
3.2(iv)), which is much more downfield compared to any other benzylic protons 
(Figure 3.2). Based on our assumption that resonance value of benzylic protons is 
directly proportional to the templating effect, we assumed that 3-3 PF6 will have 
much higher templating effect than 1-1 PF6 and 3-2 BAr4. Therefore we chose and 
studied 3-3 PF6 as one of the dumbbells. The compound 3-3 PF6 was synthesized 






Figure 3.2 Stacked partial 1H NMR (500MHz, CD3CN) spectra of i) 1-1 PF6, ii) 3-1 PF6, 
iii) 3-2 BAr4 and iv) 3-3 PF6. 
      Although the benzylic protons of dumbbell 3-1 PF6 resonate at ~4.1 ppm (Figure 
3.2(ii)), which is very similar to that for 1-1 PF6, the expected increase in solubility 




due to the presence of four methoxy groups makes it a suitable candidate for our 
study. 
3.2.1.2 Choice of acyclic diolefin polyether 
 
Figure 3.3 Molecular structures of acyclic diolefin polyethers 3-6, and 3-7. 
      The acyclic diolefin polyether 3-6 is the obvious choice for [19]crown ether 
precursor if it has to contain a maximum of five oxygen atoms. The compound 3-6 
has been synthesized by O-alkylation of the commercially available tetraethylene 
glycol with four equivalents of 1,4-diiodobutane in the presence of six equivalents of 
sodium hydride which makes elimination reaction in situ (Scheme 3.2). 
 
Scheme 3.2 Synthesis of compound 3-6 from tetraethylene glycol and 1,4-diiodobutane. 
      To increase the complexation ability of the acyclic diolefin polyether 3-6, we 
designed compound 3-7 with the hope that inclusion of aromatic moiety in the acyclic 
diolefin polyether can lead to additional (secondary) stabilizing interactions with the 
dumbbells. There is more than one reason for inclusion of pyridine ring instead of 
benzene ring. Inclusion of a single benzene ring in the polyether backbone along the 
CH2-CH2 bond will reduce the basicity of two oxygen atoms by making them 
phenolic and at the same time will impart rigidity. So, introduction of a benzene ring 
will lead to a compromise on the primary stabilizing interactions. Knowing that 




DP24C8 is more effective than DB24C8 for complexing DBA
+
, we can assume that 
pyridine nitrogen atom is more basic than phenolic oxygen atom.
122a
 Moreover, 





 Therefore, we contemplate that inclusion of pyridine ring in the 
acyclic diolefin polyether is the best possible way to deal with both primary and 
secondary stabilizing interactions. 
      The introduction of pyridine ring at the centre of the tetraethylene glycol loop (3-
7) not just alleviates the symmetry problem but also finds the pyridine ring meta-
substituted which is desirable for the ring closing metathesis reactions.
140
 The 
introduction of pyridine moiety replaces one ether oxygen atom with a pyridine 
nitrogen atom, which means comparable basicity. Moreover, scope for additional 
(secondary) stabilizing interactions with dumbbells is present. Hence, we chose 3-7 as 
the alternative acyclic diolefin [19]crown ether precursor whose synthesis is described 
below (Scheme 3.3). 
 
Scheme 3.3 Synthesis of compound 3-7 by etherification under refluxing condition in dry 
THF. 





. The ditosylate compound 3-8 was treated with 4 equivalents of compound 3-9 
in presence of excess (8 equivalents) sodium hydride. The reaction was carried under 
dry and refluxing condition for 72 hours, yielding the desired compound 3-7 in 49% 
yield. The structures of both the acyclic diolefin polyethers 3-6 and 3-7 have been 
confirmed with 
1
H NMR spectroscopy (Figure 3.4 and Figure 3.5, respectively). 





































































































































































































































































































































































































































































































































































































Figure 3.5 1H NMR (500 MHz, CDCl3) spectrum of compound 3-7 with peaks assigned. 




3.2.2 RCM reactions 
 
 
Figure 3.6 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 591.92 which corresponds to a [1:1] complex between 3-1 and 3-12 with the loss of 
counterion. Peaks for 3-1 PF6 (318.09) and 3-12 (297.29) was also observed indicating the 
presence of the starting material and the formation of [19]crown-5 (19C5) respectively. 
      The compound 3-1 PF6 was mixed with two equivalents of acyclic diolefin 
polyether (3-6) and stirred in the mixture solvent system (MSS, CHCl3/CH3CN = 3:1) 
for 24 hours (Figure 3.6). The solvent was removed under reduced pressure (without 
heating) leaving a residue which in sharp contrast to our expectation, did not have 
good solubility in CH2Cl2 suggesting the residue not having the compound 3-10 PF6 
exclusively. But even then we proceeded to the next step and performed RCM with 
Grubbs’s 2nd generation catalyst under refluxing condition in dry DCM for 60 hours 
(Figure 3.6). The low resolution ESI-MS spectrum of the reaction mixture (Figure 
3.6) showed a strong peak at m/z 591.92 corresponding to 1:1 complex between 3-




1 PF6 and 3-12. The reaction mixture also showed the presence of the starting 
material 3-1 PF6 and the 19C5 3-12. It is very obvious to suppose that the 1:1 
complex corresponding to the strong peak at m/z 591.92 is the [2]rotaxane 3-11 PF6. 
However, the RCM reaction mixture is expected to be soluble in chlorinated 
solvents,
138
 which does not happen in this case and purification by column 
chromatography does not lead to the isolation of compound 3-11 PF6. Since it is 
impossible to believe that 3-11 PF6 is a pseudo[2]rotaxane, the only logical 
conclusion is the probable formation of a face-to-face complex between 3-1 PF6 and 
3-12.
116
 However, repeated attempts to grow single crystal of this complex failed. 
      The failure to obtain [2]rotaxane with 19C5 on 3-1 PF6 prompted us to use the 
compound 3-2 BAr4. The compound 3-2 BAr4 was mixed with two equivalents of 
acyclic diolefin polyether (3-6) and stirred in the MSS for 24 hours (Figure 3.7). The 
solvent was removed under reduced pressure (without heating) leaving a residue 
which was found to have good solubility in CH2Cl2, may be due to the more lipophilic 
BAr4 anion or due to the residue containing compound 3-13 BAr4 exclusively. 
Accordingly, we proceeded to the next step and performed RCM with Grubbs’s 2nd 
generation catalyst under refluxing condition in dry DCM for 60 hours (Figure 3.7). 
Unfortunately, the low resolution ESI-MS spectrum of the reaction mixture (Figure 
3.7) showed no peak at m/z 744 which could be related to the [2]rotaxane 3-14 BAr4 
or 1:1 complex between 3-2 BAr4 and 3-12. Strong peaks at m/z 470.0 and 292.1 
corresponding to the starting material 3-2 BAr4 and 19C5 (3-12) was observed 
indicating successful RCM of compound 3-6 (Figure 3.7). Although the RCM 
reaction mixture was soluble in chlorinated solvents, purification by column 
chromatography did not lead to the isolation of compound 3-14 BAr4 corroborating 
the ESI-MS data, indicating failure to obtain [2]rotaxane 3-14 BAr4. 





exp 480 #2-22 RT: 0.03-0.40 AV: 21 NL: 2.67E7
T: + c ESI Full ms [50.00-1200.00]


















































527.4 977.8670.3464.6 569.0 952.9731.0335.1 622.4 906.3
802.3
873.5 994.0 1091.0400.6 679.2 1167.5154.3 494.7107.7 826.3602.1 1118.71010.2
 
Figure 3.7 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 470.0 which corresponds to the starting material 3-2 with the loss of counterion. Peaks 
for 3-12 (292.1 and 297.3) was also observed indicating the formation of 19C5. 
      The compound 3-3 PF6 believed to have increased templating effect was tried 
next for the construction of [2]rotaxane with 19C5 crown ether. The compound 3-
3 PF6 was mixed with two equivalents of acyclic diolefin polyether (3-6) and stirred 
in the MSS for 24 hours (Figure 3.8). The solvent was removed under reduced 
pressure (without heating) leaving a residue which was found to have good solubility 
in CH2Cl2, may be due to the extended π-system or due to the residue containing 
compound 3-15 PF6 exclusively.  





exp506 #24-46 RT: 0.52-0.99 AV: 23 NL: 8.89E7
T: + c ESI Full ms [50.00-1500.00]
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Figure 3.8 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 600.0 which could not be assigned to any species. Even a strong peak at m/z 794.6 
could not be assigned. However, the starting material 3-3 with the loss of counterion was 
observed (298.1). Other peaks could be assigned for 3-6 (325.2 and 320.1) and 3-12 (292.2), 
indicating the presence of both acyclic diolefin polyether and the 19C5 in the reaction 
mixture. 
      Accordingly, we proceeded to the next step and performed RCM with Grubbs’s 
2
nd
 generation catalyst under refluxing condition in dry DCM for 60 hours (Figure 
3.8). Unfortunately, the low resolution ESI-MS spectrum of the reaction mixture 
(Figure 3.8) showed no peak at m/z 572 which could be related to the [2]rotaxane 3-
16 PF6 or 1:1 complex between 3-3 PF6 and 3-12. Strong peaks at m/z 600.0 and 
794.6 could not be assigned to any probable species formed in this reaction. However, 
other species 3-3 PF6, 3-6 and 3-12 could be observed (Figure 3.8). The RCM 
reaction mixture was soluble in chlorinated solvents, however purification by column 




chromatography did not lead to the isolation of compound 3-16 PF6 corroborating the 
ESI-MS data, indicating failure to obtain [2]rotaxane 3-16 PF6. 
      As we observed the increase in templating effect and/or the solubility of the 
dumbbell did not sufficiently enhance the mutual recognition with the acyclic diolefin 
polyether 3-6 that a [2]rotaxane can be detected or isolated, we switched over to the 
acyclic diolefin polyether 3-7. We expected some additional stabilizing interaction 
from 3-7, so the reference compound 1-1 PF6 was tried first. 
 
exp 571 #93-101 RT: 1.50-1.63 AV: 9 NL: 2.36E7
T: + c ESI Full ms [100.00-1000.00]






















































Figure 3.9 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 371.4 which could not be assigned to any species. Even a strong peak at m/z 757.5 
could not be assigned. However, the starting material 1-1 with the loss of counterion was 
observed (198.0). Other peaks could be assigned for 3-7 (336.1) and 3-19 (330.3), indicating 
the presence of both acyclic diolefin polyether and the 19C5 in the reaction mixture. 




      The compound 1-1 PF6 was mixed with two equivalents of acyclic diolefin 
polyether (3-7) and stirred in the MSS for 24 hours (Figure 3.9). The solvent was 
removed under reduced pressure (without heating) leaving a residue which did not 
have good solubility in CH2Cl2 suggesting the residue not having the compound 3-
17 PF6 exclusively. But even then we proceeded to the next step and performed 
RCM with Grubbs’s 2nd generation catalyst under refluxing condition in dry DCM for 
60 hours (Figure 3.9). The low resolution ESI-MS spectrum of the reaction mixture 
(Figure 3.9) showed peaks at m/z 336.1 and 330.3 corresponding to 3-7 and 19C5 3-
19 respectively. The reaction mixture also showed the presence of the starting 
material 1-1 PF6 but no peak (at m/z 505) corresponding to the [2]rotaxane was 
observed. The RCM reaction mixture is soluble in chlorinated solvents,
138
 however 
purification by column chromatography does not lead to the isolation of compound 3-
18 PF6, suggesting the reaction failed to generate [2]rotaxane. Therefore we used the 
compound 3-1 PF6 expecting the electron rich aromatic moiety to have some 
additional stabilizing interactions with the pyridine ring of the compound 3-7. 
      The compound 3-1 PF6 was mixed with two equivalents of acyclic diolefin 
polyether (3-7) and stirred in the MSS for 24 hours (Figure 3.10). The solvent was 
removed under reduced pressure (without heating) leaving a residue which again did 
not have good solubility in CH2Cl2 suggesting the residue not having the compound 
3-20 PF6 exclusively. Regardless of the poor solubility, the RCM reaction was 
performed with Grubbs’s 2nd generation catalyst under refluxing condition in dry 
DCM for 60 hours (Figure 3.10). The low resolution ESI-MS spectrum of the reaction 
mixture (Figure 3.10) showed peaks for 3-1 PF6 (318.1), 3-7 (336.1) and 3-19 (308.3 
and 330.3).  





exp 572 #21-51 RT: 0.33-0.81 AV: 31 NL: 3.02E7
T: + c ESI Full ms [100.00-1000.00]




















































711.1 832.8 917.0611.7414.6152.4 759.6474.8 847.1264.2198.0 980.1512.6 582.6450.8
 
Figure 3.10 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 318.1 corresponding to 3-1 with the loss of counterion. Peaks corresponding to the 
compound 3-7 (336.1) and 3-19 (308.3 and 330.3) was observed in the reaction mixture. 
      The expected peak for [2]rotaxane 3-21 PF6 at m/z 625.3 could not be observed, 
however a peak at m/z 624.8 was observed (Figure 3.10). To confirm the presence of 
the [2]rotaxane 3-21 PF6, purification by column chromatography was done and to 
our disappointment did not yield the anticipated [2]rotaxane 3-21 PF6. Then we 
chose the compound 3-3 PF6 in preference to 3-2 BAr4 not just for the higher acidity 
(enhanced templating effect) but also for the reason that 3-3 PF6 has extended π-
system (naphthyl units) capable of interacting with the pyridine ring of 3-7. On the 
contrary, the compound 3-2 BAr4 has electron-deficient aromatic unit not likely to 
interact with the electron deficient pyridine ring in 3-7.  





exp 578 #97-119 RT: 1.45-1.77 AV: 23 NL: 2.86E7
T: + c ESI Full ms [200.00-1000.00]
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Figure 3.11 ESI mass spectrum of the RCM reaction mixture in CH2Cl2 displayed base peak 
at m/z 308.2 corresponding to 3-19. Peaks corresponding to the starting material 3-3 (298.0) 
with the loss of counterion was also observed. 
      So we tried for one last time with the compound 3-3 PF6. The compound 3-3  
PF6 was mixed with two equivalents of acyclic diolefin polyether (3-7) and stirred in 
the MSS for 24 hours (Figure 3.11). The solvent was removed under reduced pressure 
(without heating) leaving a residue which was found to have good solubility in 
CH2Cl2, may be due to the extended π-system or due to the residue containing 
compound 3-22 PF6 exclusively. This residue was then subjected to the RCM with 
Grubbs’s 2nd generation catalyst under refluxing condition in dry DCM for 60 hours 
(Figure 3.11). Unfortunately, the low resolution ESI-MS spectrum of the reaction 
mixture (Figure 3.11) showed no peak at m/z 605 which could be related to the 




[2]rotaxane 3-23 PF6. Strong peaks at m/z 308.2 and 330.3 correspond to the 
compound 3-19. Starting material 3-3 PF6 (298.0) was also present in the reaction 
mixture (Figure 3.11). The RCM reaction mixture was soluble in chlorinated solvents, 
however purification by column chromatography did not lead to the isolation of 
compound 3-23 PF6 corroborating the ESI-MS data, indicating failure to obtain 
[2]rotaxane incorporated with 19C5. 
3.3 Conclusion 
      The ability of 19C5 to be interlocked with DBA-based dumbbell has been studied 
by ring-closing-metathesis with Grubbs’s 2nd generation catalyst. Different DBA-
based dumbbells and acyclic diolefin [19]crown ether precursors, having increased 
recognition ability for each other, were designed and studied. Although the generation 
of 19C5 was evident, yet we could not obtain a [2]rotaxane containing 19C5. It may 
not be true to say that the -NH2
+
- moiety in DBA
+
 cannot be encircled with [19]crown 
ether but from our own research it seems highly unlikely, leaving us with [20]crown 
ether the smallest macrocycle that can effectively encircle the -NH2
+






3.4 Experimental Section 
3.4.1 Materials and methods 
      All reagents and starting materials were bought from the commercial suppliers 
and used without further purification. Standard literature procedures were followed to 













Anhydrous dichloromethane (DCM) was obtained from dry distillation of its 
analytical grade by CaH2. Anhydrous tetrahydrofuran (THF) was obtained by 
distilling its analytical grade with sodium-benzophenone. Always freshly distilled dry 
solvents were used. Column chromatography was performed on silica gel 60 (Merck 




40-60 nm, 230-400 mesh). Deuterated solvents (Cambridge Isotope Laboratories) for 
NMR spectroscopic analyses were used as received. All the NMR spectra were 
recorded on a Bruker AMX500 NMR spectrometer at 500 MHz with 
tetramethylsilane (TMS) as the internal standard. All chemical shifts are quoted in 
ppm with multiplicities being denoted by s (singlet), d (doublet), t (triplet), m 
(multiplet), and br (broad). Mass spectra were recorded on a Finnigan LCQ 
quadrapole ion trap mass spectrometer and a Shimadzu LCMS-IT-TOF, in ESI mode. 
3.4.2 Synthetic procedures and characterization data 
Synthesis of 3-2 BAr4: Compound 3-4 (0.16 g, 0.34 mmol) was dissolved in 
minimum amount of dichloromethane (5 ml). To this solution was added 2M HCl 
drop wise to precipitate out compound 3-5 Cl as white solid in quantitative yield. 
Compound 3-5 Cl (31 mg, 0.06 mmol) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (71 mg, 0.08 mmol) were dissolved in CH3CN (6 
mL, 0.01 M) and heated for 1 hour. NaCl precipitate was filtered off and the solvent 
was concentrated under vacuum to leave the salt 3-2 BAr4 in quantitative yield. 
1
H 
NMR (500 MHz, CD3CN): δ ppm = 8.09 (s, 2 H, ph), 8.06 (s, 4 H, ph), 7.68 (br, 8 H, 
BAr4), 7.65 (s, 4 H, BAr4), 4.40 (s, 4 H, CH2). 
13
C NMR (125 MHz, CD3CN): δ ppm 
= 163.0, 162.6, 162.2, 161.8, 135.4, 133.9, 132.5, 132.3, 132.0, 131.9,130.0, 129.85, 
129.83, 129.60, 129.58, 129.3, 128.4, 126.3, 125.0, 124.6, 124.58, 124.55, 124.1, 
122.9, 122.0, 51.0, 30.6. 
19
F NMR (282 MHz, CD3CN): δ ppm =13.0, 12.7. HR MS 
(ESI): m/z Calcd for C18H12F12N [M- BAr4]
+
: 470.0773, found 470.0785. 
Synthesis of 3-6: Dry THF (26 mL) was added to NaH (1.50 g, 37.1 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of tetraethylene glycol (1.2 g, 6.17 mmol). After 2 hours of stirring, 1,4 - 
diiodobutane (7.65 g, 24.68 mmol) was added and the reaction mixture was heated at 






C for 48 hours. The reaction mixture was then cooled to room temperature. Cold 
water was added to the reaction mixture to quench the excess NaH, followed by 
extraction with CHCl3. The organic layer was washed by brine, dried over anhydrous 
Na2SO4, and the solvent was then removed under vacuum leaving a residue which 
was purified by column chromatography (silica gel, acetone/hexane = 1:4) to give 
compound 3-6 (0.37 g, 20%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 5.85-5.77 (m, 2 
H, C(H)=CH2), 5.10-5.01 (m, 4 H, CH=C(H2)), 3.65-3.58 (br, 16 H, OCH2CH2O), 
3.51 (t, J = 6.9 Hz, 4 H, CH2), 2.36-2.32 (m, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): 
δ ppm = 135.1, 116.3, 70.66, 70.61, 70.59, 70.57, 70.1, 34.1. HR MS (ESI): m/z 
Calcd for C16H31O5Na [M+H]
+
: 303.2166, found 303.2169. 
Synthesis of 3-7: Dry THF (24 mL) was added to NaH (0.4 g, 9.8 mmol) under 
nitrogen atmosphere. The suspension was stirred for 5 minutes followed by the 
addition of dry THF (24 mL) solution containing compound 3-9 (0.56 g, 4.88 mmol). 
After 2 hours of stirring, the solution was cooled to 0 
o
C when compound 3-8 (0.55 g, 
1.22 mmol) was added and the reaction mixture was stirred for 30 minutes followed 
by refluxing for 72 hours. The reaction mixture was then cooled to room temperature. 
Cold water was added to the reaction mixture to quench the excess NaH, followed by 
extraction with CHCl3. The organic layer was washed by brine, dried over anhydrous 
Na2SO4, and the solvent was then removed under vacuum leaving a residue which 
was purified by column chromatography (silica gel, acetone/hexane = 1:4) to give 
compound 3-7 (0.2 g, 49%). 
1
H NMR (300 MHz, CDCl3): δ ppm = 7.69 (t, J = 7.7 
Hz, 1 H, py), 7.39 (d, J = 7.7 Hz, 2 H, py), 5.90-5.76 (m, 2 H, C(H)=CH2), 5.13-5.01 
(m, 4 H, CH=C(H2)), 4.67 (s, 4 H, CH2), 3.73-3.64 (br, 8 H, OCH2CH2O), 3.57-3.52 
(t, J = 6.9 Hz, 4 H, CH2), 2.40-2.32 (m, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ 
ppm = 157.9, 137.2, 135.1, 119.9, 116.5, 116.3, 74.0, 71.7, 70.7, 70.4, 70.2, 70.1, 




61.8, 34.15, 34.09. HR MS (ESI): m/z Calcd for C19H30NO4 [M+H]
+
: 336.2169, found 
336.2175. 





Trifluoromethyl as Stopper for a [2]Rotaxane 
Encircled with a [20]Crown Ether 
 
4.1 Introduction 
      The scope of DBA
+
 as dumbbell in the construction of rotaxane has been widely 
studied whereas the role of dialkylammonium ions (R2NH2
+
) functioning as axle (or 





 (4-1) was found to shuttle faster than the NMR time scale through 
the cavity of DB24C8 (Figure 4.1).  
 
Figure 4.1 Partial 1H NMR spectra in CD3CN of i) 4-1 PF6 and ii) 1:1 mixture of 4-1 PF6 
and DB24C8. 
      The Figure 4.1(ii) revealed a time-averaged set of signals indicating the larger 
than required cavity size of DB24C8 for forming a stable pseudorotaxane with 4-




1 PF6. This observation has instigated the need for developing crown ether with 
smaller cavity size compared to [24]crown ether, which can probably be used to 
generate pseudorotaxane with R2NH2
+
. Accordingly, the quest for forming 
pseudorotaxane with R2NH2
+
 continued, and finally in 2007 Huang et al. reported the 





Figure 4.2 Partial 1H NMR spectra in acetone-d6 of the above equilibrium reaction mixture, 
showing distinct peaks for both complexed and uncomplexed species. 
      The presence of both the complexed (4-2 PF6) and the uncomplexed (4-1 PF6) 
species indicate slow exchange on the NMR time scale, typically observed in case of 
pseudorotaxanes. Based on this observation, the [2]rotaxane containing [21]crown-7 
(21C7) macrocycle have been reported (Figure 4.3).
131,132
 In both the reports, 
threading-followed-by-stoppering method has been employed with the stopper groups 
being benzene (Figure 4.3A)
131
 and pyridazine rings (Figure 4.3B).
132
 





Figure 4.3 Molecular structures of [2]rotaxane containing A) B21C7131 and B) 21C7.132 
      We have observed from chapter 2 and chapter 3 that [20]crown ether (20C6) is the 
smallest crown ether that can effectively encircle the -NH2
+
- moiety of DBA
+
. 
Inspired by the success with DBA
+
 dumbbell, we wanted to check if -NH2
+
- moiety in 
R2NH2
+
 can also be encircled with 20C6. Assuming [21]crown ether as the smallest 
crown ether to be threaded by R2NH2
+
, we contemplate that clipping a [20]crown 
ether onto R2NH2
+
 will give a [2]rotaxane with R2NH2
+
 acting as dumbbell having 
alkyl group as stoppers! 
      Anticipating alkyl group to act as stoppers, we prepared the salts 4-1 PF6,
117
 4-
5 BAr4, 4-6 BAr4, and acyclic diolefin polyether 2-2b.
138
 Our objective to 
synthesize [2]rotaxane with the least sterically demanding stopper group can be 
realised by clipping method. The clipping methodology involving ring-closing-
metathesis (RCM) has been employed with 2-2b in the presence of each of the salts 
independently, using Grubbs’s 2nd generation catalyst. Our logical investigations 
described that by simple clipping method, the smallest stopper group that could stop 
the 20C6 from dethreading in a [2]rotaxane, is the trifluromethyl group (in 4-
14 BAr4). 
4.2 Results and Discussion 
4.2.1 Synthesis of salts 





Scheme 4.1 Synthetic route to 4-5 BAr4 and 4-6 BAr4. 
      Scheme 4.1 outlines the synthetic routes for 4-5 BAr4, 4-6 BAr4. Benzaldehyde 
was condensed with one equivalent of commercially available 2-fluoroethylamine 
hydrochloride in presence of one equivalent of triethylamine, which was subsequently 
reduced with sodium borohydride to obtain compound 4-3 in quantitative yield. The 
missing peak for imine bond in 
1
H NMR confirmed the formation of amine 4-3 which 
was treated with Boc2O to give Boc-protected amine 4-4 in 73% yield. Compound 4-4 
was purified and treated with HCl in MeOH to affect Boc deprotection and form 
chloride salt 4-5 Cl, which was quantitatively converted to the compound 4-5 BAr4 
on treatment with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. Likewise, 
the salt 4-6 Cl, prepared according to the reported literature,
143
 was converted to the 
compound 4-6 BAr4 in quantitative yield.  
4.2.2 Synthesis of 20C6 and 20C6H2 
 
 
Scheme 4.2 Synthetic route to 20C6 4-7 and 20C6H2 4-8. 




      When acyclic diolefin polyether 2-2b was treated with Grubbs’ 2nd generation 
catalyst, compound 4-7 was obtained in 58% yield. Subsequent hydrogenation with 
palladium on charcoal, gave 20C6H2 4-8 in 76% yield (Scheme 4.2). 
4.2.3 Synthesis of [2]rotaxanes by ring-closing-metathesis 
 
 
Scheme 4.3 Synthetic route to [2]rotaxanes 4-12 PF6, 4-13 BAr4, and 4-14 BAr4. 
      A mixture of two equivalents of 2-2b with one equivalent of 4-1 PF6 was stirred 
in the mixture solvent system (MSS, CHCl3/CH3CN = 3:1) for 24 hours, followed by 
removing the solvent under reduced pressure without heating. The residue expected to 
be the complex 4-9 PF6 (soluble in CH2Cl2) was subjected to RCM with the Grubbs’ 
2
nd
 generation catalyst under refluxing condition in dry DCM for 60 hours (Scheme 
4.3). Although the peak corresponding to the desired compound 4-12 PF6 was 




detected in nominal ESI-MS (Figure 4.4), the purification by column chromatography 
failed to isolate 4-12 PF6.  
EXP450 #59-87 RT: 1.54-1.87 AV: 27 NL: 1.81E7
T: + c ESI Full ms [50.00-700.00]
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Figure 4.4 ESI mass spectrum of the reaction mixture in CH2Cl2 displayed base peak at m/z 
130.1 which corresponds to dumbbell 4-1. Strong peak corresponding to 20C6 4-7 was 
observed at 308.1 [M + H2O]. Very weak intensity peaks at 420.1 indicated the formation of 
[2]rotaxane 4-12 PF6. 
      Dethreading during purification can be used to explain this finding, in case 4-
12 PF6 happens to be a pseudorotaxane. However, no threading could be detected by 
1
H NMR on refluxing a mixture of 4-1 PF6 with three equivalents of 20C6H2 4-8 for 
7 days in CH2Cl2 followed by another 7 days in CHCl3. We speculated that 4-12 PF6 
was formed in extremely low yield (if at all formed), which made it difficult to be 
isolated. We realised that maybe the templating effect of the dumbbell 4-1 is weaker 
than DBA
+
 (1-1), presumably due to the lower acidity of -C(H2)NH2
+
C(H2)- protons 
(responsible for templating effect) in 4-1 (protons g ~ 2.9 ppm, Figure 4.5(iv)) 
compared to 1-1 (protons a ~ 4.2 ppm, Figure 4.5(i)).  







Figure 4.5 Partial 1H NMR spectra (500 MHz, CD3CN), displaying the increase in acidity of 
methylene protons g→e→c in dumbbells 4-1→4-5→4-6. Benzylic protons a in 1-1 is for 
reference. 
      Therefore, we focussed on N-benzylalkylammonium dumbbells 4-5 and 4-6 
replacing only one phenyl group of 1-1 with an electron-withdrawing fluoromethyl or 
trifluoromethyl group to study the steric effect and electronic effect of the alkyl 
groups as stoppers. 
      Replacing one hydrogen atom by a fluorine atom in methyl group gives -CH2F, 
which was expected to enhance the templating effect of 4-5 (protons e ~ 3.4 ppm, 
Figure 4.5(iii)) in addition to acting as a stopper. The dumbbell 4-5 was prepared with 
BAr4 counter ion (Scheme 4.1) to make 4-5 BAr4 lipophilic. According to Scheme 
4.3, the salt 4-5 BAr4 was mixed with two equivalents of 2-2b to obtain 4-10 BAr4, 
which likewise 4-9 PF6 underwent RCM to give 4-13 BAr4 (nominal ESI-MS, 
Figure 4.6) in extremely low yield (if at all formed) and hence could not be isolated.  
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Figure 4.6 ESI mass spectrum of the reaction mixture in CH2Cl2 displayed base peak at m/z 
308.1 [M + H2O] which corresponds to the 20C6 4-7. Very weak intensity peaks at m/z 444.3 
indicated the formation of [2]rotaxane 4-13 BAr4. 
      We conceived the templating effect is not strong enough and hence predicted that 
the incorporation of more fluorine atoms would lead to better yield, making isolation 
of the [2]rotaxane possible. Therefore, we proceeded to synthesize the dumbbell 4-6 
with BAr4 counteranion (Scheme 4.1), where all the hydrogen atoms of methyl group 
were replaced with the fluorine atoms, CF3. The strong electron-withdrawing CF3 
group was expected to enhance the templating effect markedly (protons c ~ 3.9 ppm, 
Figure 4.5(ii)) in addition to acting as stopper. The salt 4-6 BAr4 was mixed with two 
equivalents of 2-2b to obtain 4-11 BAr4, which underwent RCM to give [2]rotaxane 
4-14 BAr4 (Scheme 4.3), isolable as white solid in reasonably good yield (54%). 







Figure 4.7 1H NMR spectra (500 MHz, CD3CN) of i) 4-6 BAr4, and ii) 4-14 BAr4. Dotted 
lines appreciate the downfield shift observed (b→d) due to the effect of H-bonding 
interaction. 
      The 
1
H NMR spectrum of [2]rotaxane 4-14 BAr4 (Figure 4.7(ii)), displaying -
NH2
+
- hump (~8.6 ppm), olefinic proton peak (protons e ~ 6.1 ppm), and splitting of 
benzylic protons (protons c ~ 4.3 ppm), clearly indicated a [2]rotaxane structure 
encircled with 20C6.
138
 The large downfield shift of the methylene protons b in 4-
6 BAr4 to d in 4-14 BAr4 can be explained by the participation of protons d in 
hydrogen bonding with the oxygen atoms of the 20C6, substantiating an interlocked 
geometry for [2]rotaxane 4-14 BAr4. The observed HR ESI-MS result for 4-14 BAr4 
showed a peak at 480.2573 (Figure 4.8) with -1.2 ppm deviation from the calculated 




HRMS (480.2567) for [M-BAr4]
+
, manifesting that pure 4-14 BAr4 can be obtained 
by column chromatography.  
 
Figure 4.8 HR ESI-MS spectrum of the [2]rotaxane 4-14 BAr4. 
      Repeated attempts to grow suitable single crystal failed; consequently 2D NOESY 
(Figure 4.9) was done in CDCl3 to appreciate the interlocked structure.  





Figure 4.9 2D NOESY 1H NMR spectrum (500 MHz) of 4-14 BAr4 in CDCl3.  
      NOESY spectrum correlates protons not separated by more than 5 Angstroms 
through space. In our case, we noticed a strong correlation of (-OCH2CH2O-) protons 
of 20C6 with the protons of dumbbell (referred as a, b -NH2
+
-, and ph), decisively 
proving that 20C6 indeed clipped onto the dumbbell. Moreover, there exists some 
correlation between olefinic protons “d” of 20C6 with methylene protons (a and b) 
and phenyl protons of the dumbbell, further supporting our argument. 
4.2.4 Kinetic stability of [2]rotaxane 4-14 BAr4 
      To understand the kinetic stability of 4-14 BAr4, the 
1
H NMR was recorded in 
DMSO-d6, when a tiny peak (~5.75 ppm, Figure 4.10(ii)) corresponding to the free 
crown ether was observed. 







Figure 4.10 Stacked 1H NMR spectra (500 MHz, DMSO-d6) showing the decay of 4-
14 BAr4 with time. 
      We became suspicious of dethreading, however threading experiment performed 
with the salt 4-6 BAr4 and three equivalents of 20C6H2 4-8 failed despite refluxing 
the mixture in CH2Cl2 for 7 days followed by another 7 days in CHCl3. The 
1
H NMR 
of pure 20C6 4-7 is stacked for reference to appreciate the formation of 4-7 from 4-
14 BAr4 with time. 2.1mg of 4-14 BAr4 was dissolved in 0.75 ml DMSO-d6 and the 
1H NMR (ii→vii) was recorded till 120 hrs when the species 4-14 BAr4 completely 
decayed. Surprisingly, the completely decayed 
1
H NMR (vii) did not indicate the 
presence of salt 4-6 BAr4 (viii), suggesting decay of the dumbbell in polar solvent is 
not by dethreading. Moreover, in the 
1
H NMR spectrum of 4-14 BAr4 (recorded in 
DMSO-d6, Figure 4.10) the absence of peak corresponding to the free dumbbell 
suggested a decay of [2]rotaxane 4-14 BAr4 not by dethreading. Some electronic 
effects, operative in the component -NH2
+
CH2CF3 of 4-14 BAr4, can be responsible 
for the decay in polar solvent (DMSO). Therefore, a decay study based on the 
observed decrease in concentration followed with 
1
H NMR was done for 4-14 BAr4. 





Figure 4.11 Plot of logarithmic concentration value (lnC) of 4-14 BAr4 in DMSO-d6 with 
time. 
      A time-based concentration study of 4-14 BAr4 in DMSO-d6 over a week was 
done (Figure 4.11) by dissolving 2.1 mg of 4-14 BAr4 in 0.75 mL DMSO-d6. The 





. The half-life of this species was calculated to be 26.1 hour. 
      However, the compound 4-14 BAr4 did not show any decomposition after 
standing in CDCl3 over two weeks and no dethreading was observed on heating up to 
373 K in C2D2Cl4 (Figure 4.12). 
 
 







Figure 4.12 Stacked 1H NMR spectra (500 MHz, C2D2Cl4) showing the effect of 
temperature on 4-14 BAr4. 
      On increasing the temperature from 300 k→373 k, there is a very small downfield 
shift of all the peaks which leads to overlapping of peak e with C2D2Cl4 peak, 
however no peak (a, b, g, h) corresponding to 4-7 or 4-6 BAr4 could be found 
suggesting a strongly stable interlocked structure in chlorinated solvents. On reducing 
the temperature from 373 k→300 k, the peaks display slight upfield shift and comes 
back to the original peak values (Figure 4.12). 
      To further confirm the geometry and relate the cavity size of the 20C6 with the 
volume of the trifluoromethyl group, theoretical calculations were done. 





Figure 4.13 Capped stick (A) and space-filling (B) representation for the calculated structure 
of [2]rotaxane 4-14 BAr4, showing short contact distances (in Å). A) In capped stick 
structures, [C-H•••O] and [N-H•••O] distances are shown. Hydrogen atoms not involved in 
short contact distances are omitted for clarity. B) In space-filling representation, oxygen 
atoms of 20C6 and fluorine atoms of the dumbbell are represented in red and green 
respectively. All the hydrogen atoms are omitted for clarity. 





 interlocked with 20C6. Accordingly, diffusion 
function as well as polarization on protons were applied to understand the geometry 
of the [2]rotaxane 4-14 BAr4 (very similar to crystal structure) and observe the short 
contacts dominant in the [2]rotaxane 4-14 BAr4 (Figure 4.13A). The space filling 
representation (Figure 4.13B) gives a rough estimate of the cavity size of the 20C6 
being smaller than the volume of the CF3 group, which is in agreement with the 
experimental results confirming CF3 moiety as stopper for 20C6. (R12B) at the 
B3LYP/6-31+G(d,p) level. Diffusion function (+) as well as polarization on protons 
(p) were applied to better capture the hydrogen bonding interactions. 
4.3 Conclusion 
      In conclusion, the potential of alkyl or fluorinated alkyl group acting as stopper 
rather than the usual benzene group has been studied in detail, with the 20C6 as the 
encircling macrocycle. RCM has been utilized to clip the macrocycle onto the 
dumbbell. Indeed, we have obtained a very strongly interlocked [2]rotaxane on 






CH2CF3 dumbbell encircled with a 20C6, highlighting the role of 
trifluoromethyl group in enhancing the template effect (needed for clipping) along 
with acting as a stopper. The [2]rotaxane 4-14 BAr4, though not stable in polar 
solvent, remains extremely stable in chlorinated solvents even at 373 K, underlying 
the steric resistance offered by trifluoromethyl group is sufficient for acting as a 
stopper, which is also in agreement with the theoretical calculations. The [2]rotaxane 
4-14 BAr4 represents the smallest [2]rotaxane reported so far, in term of the molar 
mass and the total number of the atoms for the cationic part.
132
 
4.4 Experimental Section 
4.4.1 Materials and methods 
      All reagents and starting materials were bought from commercial suppliers and 
used without further purification. Compound 4-6 Cl was prepared according to the 
reported literature.
143
 Anhydrous dichloromethane (DCM) was obtained from dry 
distillation of its analytical grade by CaH2. Anhydrous tetrahydrofuran (THF) was 
obtained by distilling its analytical grade with sodium-benzophenone. Always freshly 
distilled dry solvents were used. Column chromatography was performed on silica gel 
60 (Merck 40-60 nm, 230-400 mesh). Deuterated solvents (Cambridge Isotope 
Laboratories) for NMR spectroscopic analyses were used as received. All NMR 
spectra were recorded on Bruker AMX500 at 500 MHz and Bruker ACF300 at 300 
MHz spectrometers with tetramethylsilane (TMS) as the internal standard. The 2D 
NOESY NMR spectral data was recorded on Bruker AMX500 at 500 MHz. All 
chemical shifts are quoted in ppm with multiplicities being denoted by s (singlet), d 
(doublet), t (triplet), q (quartet), m (multiplet), and br (broad). Mass spectra were 
recorded on Finnigan LCQ quadrapole ion trap mass spectrometer and Shimadzu 
LCMS-IT-TOF, in ESI mode. 




4.4.2 Synthetic procedures and characterization data 
Synthesis of 4-4: Benzaldehyde (428 mg, 4.03 mmol), 2-fluoroethylamine 
hydrochloride (401 mg, 4.03 mmol) and triethylamine (0.56 ml, 4.03 mmol) were 
mixed in CH3CN (81 ml, 0.05 M) under nitrogen. The suspension was stirred for 45 
minutes and then refluxed for another 4 hours. The reaction mixture was allowed to 
cool before removing the solvent under vacuum. The white residue was dissolved in 
THF (20 mL) and MeOH (20 mL) to which NaBH4 (762 mg, 20.15 mmol) was added 
in portions. After stirring for overnight, the solvent was removed under vacuum 
leaving a residue which was extracted by CHCl3. The organic layer was washed by 
brine, dried over anhydrous Na2SO4, and the solvent was then removed under vacuum 
leaving the crude product 4-3 in quantitative yield, which was dissolved in CHCl3 (40 
mL, 0.1 M) under nitrogen atmosphere. To this was added triethylamine (1.23 mL, 
8.86 mmol) and stirred for 5 minutes. This was followed by addition of Boc2O (1.75 
g, 8.06 mmol) and stirring of the reaction mixture for 24 hours. The solvent was 
removed under vacuum leaving the crude residue which was purified by column 
chromatography (silica gel, EA/hexane = 1:9) to give compound 4-4 (740 mg, 73%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 7.34-7.31 (m, 2 H, ph), 7.27-7.23 (br, 3 H, ph), 
4.60-4.41 (br, 4 H, CH2), 3.53-3.39 (br, 2 H, CH2), 1.52-1.44 (br, 9 H, Boc). 
13
C NMR 
(125 MHz, CDCl3): δ ppm = 155.6, 146.7, 128.5, 127.8, 127.2, 85.1, 80.2, 52.3, 28.3, 
27.4. 
19
F NMR (282 MHz, CDCl3): δ ppm = 92.7. HR MS (ESI): m/z Calcd for 
C14H20FNNaO2 [M+Na]
+
: 276.1370, found 276.1383. 
Synthesis of 4-5 BAr4: Compound 4-4 (97 mg, 0.382 mmol) was dissolved in MeOH 
(10 mL, 0.04 M) under nitrogen. 6 mL of ~1.25 M HCl-MeOH was added under 
nitrogen and stirred for 1 hour. The excess reagent and solvent were removed under 
vacuum to get the compound 4-5 Cl as white solid in quantitative yield. Compound 




4-5 Cl (18 mg, 0.098 mmol) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (101 mg, 0.114 mmol) were dissolved in CH3CN 
(10 mL, 0.01 M) and heated for 1 hour. NaCl precipitate was filtered off and the 
solvent was concentrated under vacuum to leave the salt 4-5 BAr4 in quantitative 
yield. 
1
H NMR (500 MHz, CD3CN): δ ppm = 7.70 (br, 8 H, BAr4), 7.66 (s, 4 H, 
BAr4), 7.49-7.44 (br, 5 H, ph), 4.75 (t, J = 4.4 Hz, 1 H, C(H2)F), 4.65 (t, J = 4.4 Hz, 1 
H, C(H2)F), 4.24 (s, 2 H, CH2), 3.39 (t, J = 5.0 Hz, 1 H, CH2), 3.34 (t, J = 5.0 Hz, 1 
H, CH2). 
13
C NMR (125 MHz, CD3CN): δ ppm = 163.0, 162.6, 162.2, 161.8, 135.4, 
130.99, 130.95, 130.6, 130.1, 129.94, 129.90, 129.88, 129.86, 129.67, 129.65, 129.63, 
129.61, 129.38, 129.35, 128.5, 126.3, 124.2, 122.0, 80.4, 79.1, 52.5, 48.5, 48.3. 
19
F 
NMR (282 MHz, CD3CN): δ ppm = 13.0. HR MS (ESI): m/z Calcd for C9H13FN [M-
BAr4]
+
: 154.1027, found 154.1028. 
Synthesis of 4-6 BAr4: Compound 4-6 Cl (40 mg, 0.18 mmol) and sodium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (200 mg, 0.225 mmol) were dissolved 
in CH3CN (18 mL, 0.01 M) and heated for 1 hour. NaCl precipitate was filtered off 
and the solvent was concentrated under vacuum to leave the salt 4-6 BAr4 in 
quantitative yield. 
1
H NMR (500 MHz, CD3CN): δ ppm = 7.68 (br, 8 H, BAr4), 7.65 
(s, 4 H, BAr4), 7.50-7.47 (br, 5 H, ph), 4.30 (s, 2 H, CH2), 3.86 (q, J = 8.8 Hz, 2 H, 
C(H2)CF3). 
13
C NMR (125 MHz, CD3CN): δ ppm = 163.0, 162.6, 162.2, 161.8, 135.4, 
131.3, 130.9, 130.1, 129.97, 129.92, 129.89, 129.87, 129.64, 129.62, 129.5, 128.5, 
126.3, 124.2, 122.0, 53.3, 48.1, 47.8. 
19
F NMR (282 MHz, CD3CN): δ ppm =13.0, 
7.6. HR MS (ESI): m/z Calcd for C9H11F3N [M- BAr4]
+
: 190.0838, found 190.0841. 
Synthesis of 4-7: Compound 2-2b (323 mg, 1.01 mmol) was dissolved in dry DCM 
(500 mL, 0.002 M) under nitrogen atmosphere. 2
nd
 Generation Grubbs catalyst (85 
mg, 0.1 mmol) was added and the resulting mixture was refluxed for 60 hours. The 




reaction mixture was cooled followed by quenching with ethyl vinyl ether. The excess 
solvent was removed in vacuum and the residue was subjected to column 
chromatography (silica gel, MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 4-
7 (170 mg, 58%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 5.83 (br, 2 H, C(H)=C(H)), 
4.04 (m, 4 H, CH2), 3.68-3.60 (br, 20 H, OCH2CH2O). 
13
C NMR (125 MHz, CDCl3): 
δ ppm = 129.3, 70.9, 70.7, 70.6, 70.5, 70.4, 69.1. HR MS (ESI): m/z Calcd for 
C14H27O6 [M+H]
+
: 291.1802, found 291.1812. 
Synthesis of 4-8: Compound 4-7 (170 mg, 0.58 mmol) was dissolved in dry THF (24 
mL, 0.02 M) under nitrogen atmosphere. A pinch of Pd/C (cat.) was added and the 
resulting suspension was stirred under an atmosphere of hydrogen for 16 hours. The 
reaction mixture was filtered through celite to remove Pd/C and concentrated in 
vacuum. The crude residue was purified by column chromatography (silica gel, 
MeOH/CHCl3 = 1:19 (v/v)) to give the desired product 4-8 (130 mg, 76%). 
1
H NMR 
(500 MHz, CDCl3): δ ppm = 3.70-3.58 (br, 20 H, OCH2CH2O), 3.51 (t, J = 5.6 Hz, 4 
H, CH2), 1.67 (p, J = 3.1 Hz, 4 H, CH2). 
13
C NMR (125 MHz, CDCl3): δ ppm = 71.0, 
70.8, 70.6, 70.5, 70.1, 26.2. HR MS (ESI): m/z Calcd for C14H28O6Na [M+Na]
+
: 
315.1778, found 315.1789. 
Synthesis of 4-14 BAr4: Compound 4-6 BAr4 (191 mg, 0.181 mmol) and compound 
2-2b (116 mg, 0.364 mmol) were dissolved in the mixed solvent (40 mL, 
CHCl3/CH3CN = 3:1 (v/v)). The solution was stirred for 24 hours and the solvent was 
then removed under vacuum without heating and then the residue (4-11 BAr4) was 
dissolved in dry DCM (360 mL, 0.001 M) under nitrogen atmosphere. 2
nd
 Generation 
Grubbs catalyst (31 mg, 0.036 mmol) was added and the resulting mixture was 
refluxed for 60 hours. The reaction mixture was cooled followed by quenching with 
ethyl vinyl ether. The excess solvent was removed in vacuum and the residue was 




subjected to column chromatography (silica gel, MeOH/CHCl3 = 1:9 (v/v)) to give the 
desired product 4-14 BAr4 (130 mg, 54%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 
8.48 (br, 2 H, NH2
+
), 7.70 (br, 8 H, BAr4), 7.51 (s, 4 H, BAr4), 7.43-7.36 (br, 5 H, ph), 
5.94-5.92 (br, 2 H, C(H)=C(H)), 4.42-4.34 (m, 4 H, NH2
+
C(H2)CF3), 4.27-4.24 (m, 4 
H, NH2
+
C(H2)ph), 3.96-3.95 (br, 4 H, CH2), 3.63-3.29 (br, 20 H, OCH2CH2O). 
13
C 
NMR (125 MHz, CDCl3): δ ppm = 162.2, 161.8, 161.4, 161.0, 134.7, 132.7, 130.8, 
130.4, 130.1, 129.0, 128.8, 128.7, 127.7, 125.6, 123.4, 121.2, 117.4, 71.0, 70.9, 70.7, 
70.4, 70.2, 69.7, 51.5, 46.6, 46.3. 
19
F NMR (282 MHz, CDCl3): δ ppm = 13.5, 6.8. 
HR MS (ESI): m/z Calcd for C23H37F3NO6 [M-BAr4]
+
: 480.2567, found 480.2573. 
 





Template-Directed Synthesis of Kinetically and 
Thermodynamically Stable Molecular Necklace using 
Ring Closing Metathesis 
 
5.1 Introduction 
      Molecular necklaces are topological isomers of catenanes and uniquely defined 
for a given number of rings. A molecular necklace consists of three or more rings 
mechanically locked (threaded) onto a large ring. It is denoted as [n]MN which means 
(n-1) rings are threaded onto a large ring. The smallest molecular necklace remains 
[4]MN having three rings threaded onto a large ring. [2]MN and [3]MN are 
essentially [2]catenane and [3]catenane. The molecular necklace happens to be a 
serendipitous scientific discovery. The first molecular necklace being accidently 
discovered by Sauvage and co-workers during the synthesis of [3]catenane,
144
 when a 
mixture of [n]MN (n = 4-7) were observed from ESI mass spectroscopy. Stoddart and 





 However in 1998, Kim and co-workers reported for the first 
time the synthesis of a well-defined molecular necklace [4]MN,
45a
 by one-pot 
quantitative self-assembly from nine species including three cucurbituril (CB[6]), 
three 1,4-diammoniumbutane derived thread and three angle connectors Pt(en)(NO3)2 
(en=ethylenediamine). Stirring and refluxing equimolar mixture of all three species in 
water for 24 hours followed by ethanol addition gave 90% yield for the [4]MN 
(scheme 5.1). In this case, the recognition of 1,4-diammonium butyl moiety by CB[6] 
and the preferred coordination geometry exhibited by Pt
2+
 metal ion is responsible for 




the generation of [4]MN. 
 
Scheme 5.1 Synthesis of [4]MN from the quantitative self-assembly of nine species.45a 
      Encouraged by the successful synthesis and characterization of [4]MN, a year 
later Kim et al. reported the synthesis of higher order [5]MN.
45b
 The [5]MN is 
synthesized by reacting L-shaped phenanthroline based pseudo[3]rotaxane (generated 
by assembling CB[6] around 1,4-diammonium butyl unit) with Cu(NO3)2 (Scheme 
5.2). The construction of [5]MN utilized the preferred coordination geometry adopted 
by Cu
2+
 ions for coordinating the suitably designed L-shaped pseudo[3]rotaxane. 
 
Scheme 5.2 Synthesis of [5]MN by the 2+2 approach through incorporation of Cu2+ ions.45b 




      In 2002, Kim et al. reported the formation of [4]MN and [5]MN by using the 
similar strategy to thread molecular bead (CB[6]) with strings having complimentary 
units to form  pseudorotaxanes which are linked into a metal complex with two cis 
ligands acting as angle connectors to form a molecular necklace.
45c
  
      The striking difference between the accidental discoveries and intended synthesis 
of molecular necklaces lies in the crucial final step which takes place under kinetic 
control and thermodynamic control, respectively. The metal coordination driven 
synthesis provides two advantages over conventional synthesis, the first being the 
preferred coordination geometry of the metal ion that fixes the pseudorotaxane 
ligands in a well-defined geometry and the second being the involvement of reversible 
metal-ligand exchange process (thermodynamic control) which gives the scope for 
“error checking” and “proof-reading”, thus generating the most stable desired MN. 
Later Kim and co-workers utilized only self-assembly to report the synthesis of even 
higher order molecular necklace [6]MN.
45d
 This commendable work was facilitated 
by strong intermolecular charge-transfer interactions between identical guest 
molecules (having an electron donor and an electron acceptor connected by a rigid 
linker with a proper angle) inside the cavity of host cucurbit[8]uril (CB[8]) (Scheme 
5.3).  
 
Scheme 5.3 Synthesis of [6]MN facilitated by strong host-stabilized charge transfer 
interactions within the cavity of CB[8].45d 
      In addition there are few literatures mentioning the formation of molecular 




necklaces which are neither well-defined nor fully characterized such as Harada et al. 
reported the formation of [n]MN obtained as by-product when photoreaction of 9-
anthracene-capped polyrotaxane was done.
147
 Recently, Grubbs et al. reported to 
obtain a mixture of [3]catenane and [4]MN using self-assembly of diolefin crown 






      Although the reported literatures on the synthesis of molecular necklace are 
appreciable yet there is a lack of general synthetic strategy to construct well-defined, 
homogeneous molecular necklace. The idiosyncratic coordination geometry of a 
particular metal ion limits the versatility of metal coordination chemistry in the 
synthesis of molecular necklace. Moreover, the obtained [n]MN by coordination 
chemistry is not kinetically stable as external stimuli (temperature, pH, and 
competitive ligand) can destroy the thermodynamically stable interlocked structures. 
This motivated us to develop a new synthetic strategy to construct molecular 
necklaces, in particular, both thermodynamically and kinetically stable molecular 
necklaces. In this chapter, we introduce “threading-followed-by-ring-closing-
metathesis” approach to successfully synthesize molecular necklace. 
 
Figure 5.1 Molecular structure of threads 5-1 (PF6)4 and 5-2 (PF6)6. 




      Herein, we describe the attempt to make [5]MN and [7]MN from the two threads 
5-1 (PF6)4 and 5-2 (PF6)6 (Figure 5.1) respectively, which are having well defined 
DBA
+
 units along the thread and long alkyl chains with olefin at their termini. The 
major challenge for the synthesis of MN is to curb the formation of undesirable 
oligomeric/interlocked molecules which beckons for careful design of the thread. 
Therefore each segment of the thread was designed in a way to facilitate the formation 
of desired MN. meta-substituted benzene moieties
140
 used for macrocyclization 
actuated the use of meta-substitution pattern for core phenyl group. The polyethoxy 
backbone imparts flexibility to the thread in a manner that post self-assembly process 
there is not much strain involved in the system for the terminal olefinic bonds to 
remain in close proximity. In addition, the polyethoxy group increases the solubility 
of the thread overall. The ability of linearly attached DBA
+
 units to be encircled by 
DB24C8,
124
 influenced the inclusion of adjacent DBA
+
 units along the thread. The 
long alkyl chain relieves the possible strain generated during ring closing metathesis 
of the self-assembled molecule. Solubility of the thread in non-polar solvent is also 
expected to be enhanced due to long alkoxy chains. 
5.2 Results and Discussion 
5.2.1 Synthesis of key intermediates 5-5, 5-13 and 5-19  
 
Scheme 5.4 Synthetic route to key intermediate 5-5. 




      The synthetic route for key intermediate 5-5 is shown in Scheme 5.4. Resorcinol 
is reacted with 2-(2-chloroethoxy)ethanol to give dihydroxy compound 5-3 which is 
then ditosylated to yield compound 5-4 in 55% yield for two steps. 4-
Hydroxybenzaldehyde undergoes O-alkylation with 5-4 to give the key intermediate 
5-5 in a low yield (30%) mainly due to its poor solubility which made purification 
very difficult.  
 
Scheme 5.5 Synthetic route to key intermediates 5-13 and 5-19. 
      The synthetic route for key intermediates 5-13 and 5-19 is shown in Scheme 5.5. 
Compound 5-6 is then obtained in 79% yield from 4-hydroxybenzaldehyde by O-
alkylation with 11-bromoundec-1-ene. Methyl-4-(aminomethyl)-benzoate (5-7) is 
condensed with compound 5-6 in toluene to give the corresponding imine in 




quantitative yield which is then reduced by sodium borohydride in a mixture of THF 
and methanol to give the amine 5-8 in nearly quantitative yield. The secondary amine 
5-8 is then converted in 92% yield to its tert-butyloxycarbonyl (Boc) protected form 
5-9 which is then reduced with lithium aluminium hydride (LAH) to give the 
corresponding benzyl alcohol 5-10 in 84% yield. The alcohol is then transformed into 
the key intermediate 5-13 via high yielding steps, bromination (5-11), azidation (5-
12), followed by the reduction of azide 5-12 in moderate yield. Following a similar 
synthetic approach, the key intermediate 5-19 which has two additional benzyl N-Boc 
unit compared with 5-13 can be prepared by similar sequential processes such as 
condensation, reduction by sodium borohydride, Boc-protection, reduction by LAH, 
bromination, azidation and reduction by PPh3. 
5.2.2 Synthesis of threads 5-1 (PF6)4 and 5-2 (PF6)6 
 
Scheme 5.6 Synthetic route to threads 5-1 (PF6)4 and 5-2 (PF6)6. 




      As shown in Scheme 5.6, the intermediate 5-5 is condensed with 2 equivalents of 
5-13 to give the corresponding imine in quantitative yield which is subsequently 
reduced to 5-20 by sodium borohydride in 65% yield. Similar reactions between 5-5 
and 5-19 provided analogous 5-21 with two additional benzyl N-Boc units in 81% 
yield. Compounds 5-20 and 5-21 are subjected to Boc-deprotection with 
trifluoroacetic acid (TFA) followed by counter ion exchange with aqueous NH4PF6 to 
yield the threads 5-1 (PF6)4 and 5-2 (PF6)6, respectively, both in quantitative yield. 
Counter ion exchange is done to ensure that the solubility of the salts increase in 
organic solvents. 
5.2.3 Synthesis of [5]Molecular Necklace 5-23 (PF6)4 
 
 
Scheme 5.7 Synthetic route to [5]MN 5-23 (PF6)4. 




      The thread 5-1 (PF6)4 exhibits good solubility in acetonitrile however the 
solubility remains poor in chlorinated solvents such as chloroform and 
dichloromethane (DCM).  The solubility of DB24C8 is just the other way. For the 
self-assembly process, the thread 5-1 (PF6)4 and the macrocycle DB24C8 or their 
mixture needs to be soluble in a common medium. Even the mixture of 5-1 (PF6)4 
and DB24C8 was found to exhibit poor solubility in either of the solvents implying 
absence of self-assembly. To resolve this issue, a mixture solvent system (MSS, 
CHCl3/CH3CN = 3:1) was tried (Scheme 5.7). Interestingly the mixture of 5-1 (PF6)4 
and DB24C8 was soluble in the MSS indicating self-assembly. Therefore the MSS 
was chosen for carrying out self-assembly process. 
      To ensure complete threading, we used 20 equivalents of DB24C8 for 1 
equivalent of 5-1 (PF6)4 making it 5 equivalent of DB24C8 for each DBA
+
 unit. In 
the MSS, a mixture of DB24C8 and 5-1 (PF6)4 in the above mentioned ratio was 
stirred. The clear solution indicated the completion of self-assembly process and 
formation of pseudorotaxane 5-22 (PF6)4 (Scheme 5.7). The clear solution was 
evaporated (under reduced pressure without heating avoiding any risk of disassembly) 
leaving a residue expected to have predominantly 5-22 (PF6)4 and excess DB24C8. 
Although there exists a dynamic equilibrium between the threaded and dethreaded 
species yet the equilibrium is expected to be shifted towards the threaded species in 
non-polar solvents given that threaded species is thermodynamically more stable in 
non-polar solvents. 
1
H NMR spectrum of the residue in CDCl3 clearly showed up-
field resonance shift for the aromatic protons of the benzyl units on the thread 5-1
(PF6)4, indicating a successful threading of the DB24C8 onto the DBA
+
 sites under 
this MSS condition. This was further supported by the fact that a clear solution was 
obtained by dissolving the residue in dichloromethane. In the final step the clear 




dichloromethane solution suggesting only the presence of pseudorotaxane 5-22
(PF6)4, was treated with Grubbs’s 2
nd
 generation catalyst under refluxing condition to 
obtain the desired [5]MN 5-23 (PF6)4 in 20% yield (Scheme 5.7). Although the 
desired [5]MN 5-23 (PF6)4 dominated the reaction mixture yet there were trace 
amounts of [4]MN and [3]catenane which could only be detected by ESI mass 
spectrometry of the crude reaction mixture. To ascertain the complete reversibility, 
successful ring closing metathesis and generation of thermodynamically most stable 
desired product, we performed the final ring closing metathesis reaction under strictly 
dry and extremely dilute condition (0.0003 M) with excess (20 equivalent) DB24C8 
for 60 hours so that we could exclusively get [5]MN 5-23 (PF6)4 by eliminating the 
possibility for the formation of less stable interlocked molecules ([4]MN, [3]catenane, 
[2]rotaxane) and non-interlocked olefin oligomers. However even after 7 days the 
presence of [4]MN and [3]catenane could be traced. But the fact that [4]MN and 
[3]catenane were always present in trace amount could be testified by TLC progress. 
The [4]MN and [3]catenane never showed up in the TLC plate even when the TLC 
was run with high polarity eluent like 1:4 MeOH/CHCl3 and 1:4 CH3CN/CHCl3. 
Therefore the crude reaction mixture mainly had the [5]MN 5-23 (PF6)4 and excess 
unused DB24C8. 
      The purification of interlocked molecules is generally challenging due to high 
polarity, presence of side products and limited solubility. In our case we utilised 
dynamic covalent chemistry, the olefin metathesis as the final interlocking step to 
eliminate the undesirable side products. Although the [4]MN and [3]catenane 
formation could not be avoided however, the amount is so little that effectively their 
presence can be ignored. So the trace amounts of [4]MN and [3]catenane did not 
complicate the purification and isolation of [5]MN 5-23 (PF6)4. The column 




chromatographic purification however remained challenging due to the presence of 
excess amount of DB24C8 in the system which could not be eluted out with ease due 
to its poor solubility in both methanol-chloroform and acetonitrile-chloroform solvent 
system. The methanol-chloroform system was chosen over acetonitrile-chloroform 
system for purification of [5]MN 5-23 (PF6)4 because the solubilising capability of 
the first system is better. The isolation of pure [5]MN 5-23 (PF6)4 was rendered 
difficult due to the difficulty in removing the less polar DB24C8 from the system 
which is corroborated by the fact that during the purification, a large fraction 
containing the mixture of DB24C8 and the desired product [5]MN 5-23 (PF6)4 is 
always obtained, which accounts for the low isolated yield (20%) of pure [5]MN 5-23
(PF6)4 (Scheme 5.7). However the conversion ratio of pseudo [5]rotaxane 5-22
(PF6)4 to [5]MN 5-23 (PF6)4 is much higher than the isolated yield, which could also 
be perceived from the TLC plate. 
5.2.4 Characterization of [5]Molecular Necklace 5-23 (PF6)4 
      The formation of [5]MN 5-23 (PF6)4 is well supported by one-dimensional (1D), 
two-dimensional (2D), variable temperature proton NMR spectroscopy and ESI mass 
spectroscopy. In Figure 5.2, the 
1
H NMR spectra of 5-1 (PF6)4 and 5-23 (PF6)4, 
recorded in CD3CN at an operating frequency of 500 MHz are compiled into a 
stacked form to appreciate the shift in resonance peaks affected due to the threading 
of DB24C8 rings onto the DBA
+
 units of 5-1 (PF6)4. 






Figure 5.2 1H NMR (500 MHz, CD3CN) spectra of A) 5-1 (PF6)4 and B) 5-23 (PF6)4. 
      The threading of DB24C8 onto the DBA
+
 shields the aromatic protons in its 
proximity due to which there will be an upfield shift in the resonance value for the 
shielded protons. For the thread 5-1 (PF6)4, the aromatic protons (Hl, Hm) are 
expected to be most shielded due to threading. Other aromatic protons (Hi, Hp, Hh, Hq) 
will experience lesser shielding effect. The observed upfield shift for aromatic protons 
(Hl, Hm, Hi, Hp, Hh, Hq) and downfield shift for benzyl (methylene) protons (Hk, Hn, 
Hj, Ho) in 5-23 (PF6)4 (compared with 5-1 (PF6)4) accounts for the complete 
threading of DB24C8
124
 onto all the four DBA
+
 units (Figure 5.2). In addition, the 
absence of terminal olefin protons (Hv and Hw), presence of disubstituted olefin 
protons (Hz) and a distinct set of peaks observed for aromatic protons (Hl, Hm, Hi, Hp, 
Hh, Hq) indicate the compound 5-23 (PF6)4 to be a molecular necklace resembling the 
structure proposed (Figure 5.2B). The integration ratios of all the aromatic protons, 
olefin protons and benzyl protons agree well with this structure. Had it been a 




pseudorotaxane, signals corresponding to uncomplexed thread, eight possible partially 
complexed threads (2 isomeric pseudo[2]rotaxane, 4 isomeric pseudo[3]rotaxane and 
2 isomeric pseudo[4]rotaxane) and uncomplexed crown ether would have been 
observed in addition to those attributed to the complexed species,
124
 because for 
DBA
+





time scale at room temperature and we could have never observed a distinct set of 
peaks for the protons of interest. Not even excess DB24C8 (referred as DB in spectral 
assignment) could be traced which could have probably accounted for masking of all 











Figure 5.3 Variable temperature 1H NMR spectra of 5-23 (PF6)4 (500 MHz, C2D2Cl4). 
      To further confirm the proposed structure of 5-23 (PF6)4 and eliminate any 
possibility of this being a pseudorotaxane, we recorded the 
1
H NMR spectra of 5-23
(PF6)4 in C2D2Cl4 at increasing and decreasing temperatures (Figure 5.3). Figure 5.3 
compares the shift in resonance peak value of 5-23 (PF6)4 with temperature 




variations. As the temperature is increased from 300K (room temperature) to 350K, 
the resonance peak for aromatic protons (Hl, Hm) show a significant downfield shift 
from ~6.9 ppm to ~7.1 ppm with notable downfield shift for other aromatic protons of 
the system(Hi, Hp, HDB). The downfield shift for the benzyl protons (Hk, Hn, Hj, Ho) of 
the system could also be observed. Increasing the temperature to 370K caused further 
downfield shift for both the aromatic and the benzyl protons (Hl, Hm, Hi, Hp, HDB, Hk, 
Hn, Hj, Ho) to varying extent. On cooling the system to 320K, the protons (Hl, Hm, Hi, 
Hp, HDB, Hk, Hn, Hj, Ho) displayed upfield shift in resonance peaks which shifted 
further upfield on lowering the temperature to 300K. The observed shifts can only be 
explained for the structure proposed for 5-23 (PF6)4. The toughness of mechanical 
bond holding the macrocycle DB24C8 to the DBA
+
 in 5-23 (PF6)4 relies on the 
strength of  H-Bond formed which could be perturbed by the supply of energy. As we 
increase the temperature, the thermal energy of the system increases causing 
disruption of H-bonds and shuttling of the freed macrocycle along the thread. The 
downfield shift observed is due to an increase in percentage of free macrocycle 
making more of the DBA
+
 units deshielded. However, even at 370K the resonance 
peak for aromatic protons (Hl, Hm, Hi, Hp, supposedly the most affected due to 
heating) of 5-23 (PF6)4 (Figure 5.3) remain shifted to high field by a significant 
margin when compared with the corresponding resonance peak for open thread  5-1
(PF6)4 aromatic protons (Figure 5.2). This observed difference in resonance peak 
value accounts for the absence of dethreading process excluding the possibility of 5-
23 (PF6)4 being a pseudorotaxane. Therefore the downfield shifts observed during 
heating process indicate temporal dislodgement of macrocycles from the recognition 
sites (causing deshielding) and shuttling of macrocycles along the thread. However, 
during the cooling process, the resonance peaks keep shifting to high field and 




eventually return to the initial state when cooled to 300K which can only be explained 
by the H-bond driven regrouping of macrocycles (scattered along the thread) onto the 
DBA
+
. Thus both heating and cooling experiments confirm the formation of [5]MN. 
In addition, the 2D COSY and 2D NOESY NMR were done to appreciate the 
interlocked structure. 
 
Figure 5.4 1H-1H COSY NMR spectrum of 5-23 (PF6)4 (500 MHz, C2D2Cl4). 






correlation spectroscopy (2D COSY) experiment for 5-23 (PF6)4 (dissolved 
in C2D2Cl4) was performed at 500 MHz to investigate the connectivity of 
neighbouring protons of interest (Figure 5.4). This basically helped us to confirm the 
structure of the thread. As expected Hj, Hn, Hk, Ho correlates with the ammonium ion 




reiterating our claim that the upfield shifted broad peak (typically observed in 
threading) originates from benzyl (methylene) protons adjacent to ammonium ions 
(Figure 5.4). Furthermore Ha correlating with Hb, Hi with Hh and Hp with Hq goes on 
to confirm our peak assignment. 
 
Figure 5.5 NOESY 
1
H NMR spectrum of 5-23 (PF6)4 (500 MHz, C2D2Cl4). 
      NOESY (Nuclear Overhauser Effect Spectroscopy) spectra for 5-23 (PF6)4 
(dissolved in  C2D2Cl4) was obtained at 500 MHz (Figure 5.5). 
1
H NMR NOESY 
spectra correlates protons not separated by more than 5 Angstroms through space. 
Therefore, this technique is ideally suited for analysing mechanical bonds in 
supramolecular assemblies. In our case the strong NOE cross-peaks (Figure 5.5) 




observed for 5-23 (PF6)4 indicated spatial interactions between the thread and 
DB24C8. DB24C8 showed intramolecular NOE cross-peaks with the aromatic 
protons (Hl, Hm, Hi, Hp, Hh, Hq), benzyl (methylene) protons (Hk, Hn, Hj, Ho) and 
ammonium protons as expected from the structure elucidated for [5]MN 5-23 (PF6)4. 
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Figure 5.6 ESI mass spectrum for [5]MN 5-23 (PF6)4 (A) and the isotope distribution of the 
major peaks (B and C). 
      Convinced with 1D and 2D NMR spectroscopy, we proceeded to do ESI mass 
spectroscopy whose role in elucidating structure is always prominent in the field of 
supramolecular chemistry. The observation of m/z peaks corresponding to the charged 
molecular fragment of supramolecular species is typically observed by ESI technique. 
We employed LCMS-IT-TOF technology for our compound 5-23 (PF6)4 which 
detects mass in ESI mode. The LC-ESI-MS for [5]MN 5-23 (PF6)4 in acetonitrile 





 species respectively in which M is [5]MN 5-23 (PF6)4 
(Figure 5.6A). The absence of peak corresponding to the thread 5-1 (PF6)4 ruled out 




the presence of any pseudorotaxane species. The lack of peaks corresponding to any 
undesirable interlocked/supramolecular species confirms the presence of only 
[5]molecular necklace whose molecular fragments are observed. Isotopic distribution 
of mass (Figure 5.6B and 5.6C) further proved the existence of species for the peaks 
assigned. 
5.2.5 Attempted Synthesis of [7]Molecular Necklace 
 
Scheme 5.8 Attempted threading of 5-2 (BPh4)6. 
      The successful synthesis of [5]MN spurred us to make the higher homologue 
[7]MN utilising the same protocol. Accordingly the thread 5-2 (PF6)6 was designed 




and synthesized using conventional organic synthesis as shown in Scheme 5.6. The 
solubility of 5-2 (PF6)6 is extremely poor in almost all organic solvents and it gets no 
better with excess DB24C8 in the MSS. The six ammonium ion containing thread 5-2
(PF6)6 seems to be extremely polar and hence to make it less polar, counter ion 
exchange was done with a more lipophilic salt NH4BPh4 to generate 5-2 (BPh4)6 
(Scheme 5.8). However the solubility increases to an extent that it could only be 
soluble in methanol and not in acetonitrile or nitromethane. Keeping in mind about 
the limited solubility, we stirred 5-2 (BPh4)6 along with excess DB24C8 in MSS for 
a long time with occasional heating, but the solution never becomes clear which 
indicates threading does not take place to provide the desired pseudo[7]rotaxane 5-24
(BPh4)6. Thus the limited solubility of the six ammonium ion containing thread 5-2
(PF6)6/5-2 (BPh4)6 impedes the threading of DB24C8 eluding the synthesis of 
[7]MN. 
5.3 Conclusion 
      In this work we developed a new approach “threading-followed-by-ring-closing-
metathesis” for the synthesis of molecular necklaces. This approach exploits the 
known self-assembly of DB24C8 with DBA
+
 and the dynamic covalent chemistry in 
the form of olefin metathesis which is carried out by 2
nd
 generation Grubbs catalyst. 
Utilizing the above mentioned approach, we could successfully synthesize a well-
defined, well-characterized homogeneous [5]molecular necklace which is both 
kinetically and thermodynamically stable. Therefore we attempted the synthesis of 
just the higher homologue [7]molecular necklace. Unfortunately we failed to get the 
desired [7]molecular necklace. The failure however is attributed to the poor solubility 
of the ammonium ion containing thread. Since this approach is not substrate specific, 




this idea can be extended to construct a variety of molecular necklaces based on 
different kind of recognition sites, lipophilic counteranions, and macrocycles. 
5.4 Experimental Section 
5.4.1 Materials and methods 
      All reagents and starting materials including DB24C8 were bought from 
commercial suppliers and used without further purification. Anhydrous solvents, N,N-
dimethylformamide (DMF), dichloromethane were obtained from dry distillation of 
their analytical grade by CaH2. Anhydrous tetrahydrofuran (THF) was obtained by 
distilling its analytical grade with sodium-benzophenone. Always freshly distilled dry 
solvents were used. Column chromatography was performed on silica gel 60 (Merck 
40-60 nm, 230-400 mesh). Deuterated solvents (Cambridge Isotope Laboratories) for 
NMR spectroscopic analyses were used as received. All NMR spectra were recorded 
on Bruker AMX500 at 500 MHz and Bruker ACF300 at 300 MHz spectrometers with 
tetramethylsilane (TMS) as the internal standard. The 2D COSY, NOESY NMR 
spectral data were recorded on Bruker AMX500 at 500 MHz. All chemical shifts are 
quoted in ppm with multiplicities being denoted by s (singlet), d (doublet), t (triplet), 
m (multiplet), and br (broad). Mass spectra were recorded on Finnigan LCQ 
quadrapole ion trap mass spectrometer and Shimadzu LCMS-IT-TOF, in ESI mode. 
5.4.2 Synthetic procedures and characterization data 
Synthesis of 5-3: A mixture of resorcinol (2 g, 18.1 mmol), 2-(2-
chloroethoxy)ethanol (11.36 g, 90.8 mmol), K2CO3 (15 g, 109 mmol), KI (0.15 g, 0.9 
mmol) was heated to 80 
o
C in DMF (50 mL) under nitrogen atmosphere for 2 days. 
The mixture was filtered to remove undissolved excess K2CO3. The solvent was 
removed in vacuum to leave a residue which was extracted with CHCl3. The organic 
layer was washed with water, dried over anhydrous Na2SO4, and the solvent was then 




removed under vacuum. The crude residue was purified by column chromatography 
(silica gel, acetone/hexane = 1:1) to give compound 5-3 (3.1 g, 60%). 
1
H NMR (500 
MHz, CDCl3): δ = 7.16 (1 H, t, J = 8.2 Hz, Ar), 6.54 (2 H, br, Ar), 6.52 (1 H, d, J = 
2.55 Hz, Ar), 4.12 (4 H, t, J = 4.4 Hz, CH2), 3.85 (4 H, t, J = 5.05 Hz, CH2), 3.75 (4 
H, br, CH2), 3.67 (4 H, m, CH2), 2.20 (2 H, br, -OH). 
13
C NMR (125 MHz, CDCl3): δ 
= 159.9, 129.9, 107.3, 102.0, 72.6, 69.7, 67.5, 61.8. ESI MS: m/z = 309.1 ([M+Na
+
]); 
calculated exact mass: 286.14. HR ESI MS: m/z = 309.1323 ([M+Na
+
]); calculated 
exact mass for C14H22NaO6: 309.1309. 
Synthesis of 5-4: Compound 5-3 (2.45 g, 8.5 mmol) was dissolved in dry DCM (22 
mL) under nitrogen atmosphere. To this was added triethylamine (3.47 g, 34.3 mmol) 
and the mixture was stirred under nitrogen atmosphere. The reaction mixture was 
cooled to 0 
o
C, and then toluene-4-sulfonyl chloride (4.9 g, 25.7 mmol) was added. 
The reaction mixture was stirred for 36 hours. The solvent was removed under 
vacuum leaving the crude residue which was purified by column chromatography 
(silica gel, acetone/hexane = 1:2) to give compound 5-4 (4.68 g, 92%). 
1
H NMR (500 
MHz, CDCl3): δ = 7.78 (4 H, d, J = 8.2 Hz, Ar), 7.30 (4 H, d, J = 8.2 Hz, Ar), 7.15 (1 
H, t, J = 8.2 Hz, Ar), 6.49 (2 H, dd, 
3
J = 8.2 Hz, 
4
J = 1.9 Hz, Ar), 6.44 (1 H, t, J = 
2.55 Hz, Ar), 4.18 (4 H, t, J = 4.4 Hz, CH2), 4.01 (4 H, t, J = 4.4 Hz, CH2), 3.77 (8 H, 
m, CH2), 2.40 (6 H, s, PhCH3). 
13
C NMR (125 MHz, CDCl3): δ = 159.8, 144.8, 132.9, 
129.9, 129.8, 127.9, 107.1, 101.8, 69.8, 69.2, 68.9, 67.4, 21.6. ESI MS: m/z = 617.0 
([M+Na
+
]); calculated exact mass: 594.16. HR ESI MS: m/z = 617.1487 ([M+Na
+
]); 
calculated exact mass for C28H34NaO10S2: 617.1486. 
Synthesis of 5-5: A mixture of compound 5-4 (4.4 g, 7.4 mmol), 4- 
hydroxybenzaldehyde (1.98 g, 16.2 mmol) and K2CO3 (4.49 g, 32.5 mmol) was 
heated to 100 
o
C in dry DMF (25 mL) under nitrogen atmosphere for 3 days. The 




mixture was filtered to remove undissolved excess K2CO3. The solvent was removed 
in vacuum to leave a residue which was extracted with ethyl acetate. The organic 
layer was washed with water, dried over anhydrous Na2SO4, and the solvent was then 
removed under vacuum. The crude residue was purified by column chromatography 
(silica gel, EA/hexane = 1:1) to give compound 5-5 (1.09 g, 30%). 
1
H NMR (500 
MHz, CDCl3): δ = 9.87 (1 H, s, CHO), 7.82 (4 H, d, J = 8.8 Hz, Ar), 7.15 (1 H, t, J = 
8.2 Hz, Ar), 7.02 (4 H, d, J = 8.2 Hz, Ar), 6.51 (2 H, dd, 
3
J = 8.2 Hz, 
4
J = 1.9 Hz, Ar), 
4.23 (4 H, t, J = 4.4 Hz, CH2), 4.12 (4 H, t, J = 4.4 Hz, CH2), 3.95 (4 H, t, J = 5.0 Hz, 
CH2), 3.91 (4 H, t, J = 5.0 Hz, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 190.7, 163.8, 
159.9, 131.9, 130.1, 129.9, 114.9, 107.2, 101.9, 70.0, 69.7, 67.8, 67.5. ESI MS: m/z = 
517.1 ([M+Na
+
]); calculated exact mass: 494.19. HR ESI MS: m/z = 517.1842 
([M+Na
+
]); calculated exact mass for C28H30NaO8 517.1833. 
Synthesis of 5-6: A mixture of 4-hydroxybenzaldehyde (5 g, 40.9 mmol), 11-
bromoundec-1-ene (11.45 g, 49.1 mmol) and K2CO3 (16.97 g, 122.8 mmol) was 
refluxed in acetone (275 mL) for 2 days under nitrogen atmosphere. The mixture was 
filtered to remove undissolved excess K2CO3. The solvent was removed in vacuum to 
leave a residue which was extracted with CHCl3. The organic layer was washed with 
water, dried over anhydrous Na2SO4, and the solvent was then removed under 
vacuum. The crude residue was purified by column chromatography (silica gel, 
EA/hexane = 1:4) to give compound 5-6 (8.8 g, 79%). 
1
H NMR (300 MHz, CDCl3): δ 
= 7.83 (2 H, d, J = 8.7 Hz, Ar), 7.00 (2 H, d, J = 8.7 Hz, Ar), 5.81 (1 H, m, C(H)= 
CH2), 4.96 (2 H, m, CH=C(H2)), 4.03 (2 H, t, J = 6.57 Hz, CH2), 2.07 (2 H, m, CH2), 
1.85 (2 H, m, CH2), 1.48 (12 H, br, CH2). 
13
C NMR (125 MHz, CDCl3): δ = 190.7, 
164.2, 139.0, 132.2, 131.9, 129.7, 114.7, 114.1, 68.3, 33.7, 29.4, 29.3, 29.2, 29.0, 
28.9, 28.8, 25.9. ESI MS: m/z = 275.1 ([M+H
+
]); calculated exact mass: 274.19. HR 




ESI MS: m/z = 297.1831 ([M+Na
+
]); calculated exact mass for C18H26NaO2: 
297.1825. 
Synthesis of 5-8. A mixture of compound 5-6 (8.16 g, 29.7 mmol) and methyl 4-
(aminomethyl)benzoate 5-7 (4.91 g, 29.7 mmol) in 1:1 molar ratio was heated in dry 
toluene (300 mL) to 140 
o
C for 16 hours using a Dean-Stark apparatus under nitrogen 
atmosphere. The solvent was removed under vacuum, and the imine obtained was 
dissolved in THF (150 mL) and MeOH (150 mL) to which NaBH4 (5.62 g, 148.6 
mmol) was added in portions. After stirring for overnight, the solvent was removed 
under vacuum leaving a residue which was extracted by CHCl3. The organic layer 
was washed by brine, dried over anhydrous Na2SO4, and the solvent was then 
removed under vacuum leaving the crude product 5-8 in quantitative yield which was 
used for the next step without further purification. 
1
H NMR (500 MHz, CDCl3): δ = 
8.0 (2 H, d, J = 8.2 Hz, Ar), 7.43 (2 H, d, J = 8.2 Hz, Ar), 7.23 (2 H, d, J = 8.8 Hz, 
Ar), 6.86 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.96 (2 H, m, CH= 
C(H2)), 3.94 (2 H, t, J = 6.3 Hz, Ar), 3.91 (3 H, s, OCH3), 3.84 (2 H, s, CH2), 3.73 (2 
H, s, CH2), 2.06 (2 H, m, CH2), 1.80 (2 H, m, CH2), 1.47 (12 H, br, CH2) . 
13
C NMR 
(125 MHz, CDCl3): δ = 167.0, 158.3, 145.8, 139.2, 131.9, 129.7, 129.3, 128.8, 127.9, 
114.5, 114.1, 68.0, 52.63, 52.61, 52.0, 33.8, 29.5, 29.39, 29.36, 29.3, 29.1, 28.9, 26.0. 
ESI MS: m/z = 423.9 ([M+H
+
]); calculated exact mass: 423.28. HR ESI MS: m/z = 
424.2858 ([M+H
+
]); calculated exact mass for C27H38NO3: 424.2846. 
Synthesis of 5-9: Compound 5-8 (12.5 g, 29.5 mmol) was dissolved in CHCl3 (250 
mL) under nitrogen atmosphere. To this was added triethylamine (6.57 g, 64.9 mmol) 
and stirred for 5 minutes. This was followed by addition of Boc2O (12.88 g, 59.0 
mmol) and stirring of the reaction mixture for 24 hours. The solvent was removed 
under vacuum leaving the crude residue which was purified by column 




chromatography (silica gel, EA/hexane = 1:9) to give compound 5-9 (14.2 g, 92%). 
1
H NMR (300 MHz, CDCl3): δ = 8.0 (2 H, d, J = 8.2 Hz, Ar), 7.11 (8 H, br, Ar), 6.85 
(2 H, d, J = 8.4 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.96 (2 H, m, CH=C(H2)), 4.35 (4 
H, br, CH2), 3.96 (2 H, br, CH2), 3.91 (3 H, s, OCH3), 2.07 (2 H, m, CH2), 1.82 (2 H, 
m, CH2) 1.52 (21 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 166.9, 158.5, 
155.9, 139.1, 129.8, 129.4, 129.0, 128.8, 127.7, 127.0, 114.5, 114.1, 80.2, 68.0, 52.0, 
49.0, 48.6, 33.7, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 28.4, 27.4, 26.0. ESI MS: m/z = 
546.1 ([M+Na
+
]); calculated exact mass: 523.33. HR ESI MS: m/z = 546.3201 
([M+Na
+
]); calculated exact mass for C32H45NNaO5: 546.3190.      
Synthesis of 5-10: Compound 5-9 (13.53 g, 25.8 mmol) was dissolved in dry THF 
(260 mL) under nitrogen atmosphere. The solution was cooled to 0 
o
C followed by 
addition of LAH (1.96 g, 51.6 mmol) in portions. The resulting suspension was 
gradually allowed to warm to room temperature and was stirred overnight. The excess 
LAH was quenched by slow addition of ground powder of Na2SO4•10H2O and celite 
(1:1, w/w). The mixture was stirred for 30 minutes and filtered. The filtrate containing 
the desired compound was concentrated in vacuum, extracted with CHCl3, washed 
with water, dried over anhydrous Na2SO4, and the solvent was then removed under 
vacuum leaving a residue which was purified by column chromatography (silica gel, 
EA/hexane = 3:7) to give compound 5-10 (7.9 g, 84%). 
1
H NMR (500 MHz, CDCl3): 
δ = 7.33 (2 H, d, J = 7.5 Hz, Ar), 7.18 (4 H, br, Ar), 6.85 (2 H, d, J = 8.8 Hz, Ar), 5.81 
(1 H, m, C(H)= CH2), 4.96 (2 H, m, CH=C(H2)), 4.67 (2 H, s, CH2), 4.37 (4 H, br, 
CH2), 3.94 (2 H, t, J = 6.95 Hz, CH2), 2.06 (2 H, m, CH2), 1.97 (1 H, br, OH), 1.80 (2 
H, m, CH2), 1.49 (21 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 158.4, 
155.9, 139.9, 139.2, 137.5, 129.7, 129.3, 128.7, 128.1, 127.6, 127.2, 114.5, 114.1, 
79.9, 68.0, 65.0, 48.6, 48.3, 33.7, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 28.4, 26.0. ESI 




MS: m/z = 518.2 ([M+Na
+
]); calculated exact mass: 495.33. HR ESI MS: m/z = 
518.3254 ([M+Na
+
]); calculated exact mass for C31H45NNaO4: 518.3241.             
Synthesis of 5-11: Compound 5-10 (8.72 g, 17.6 mmol) was dissolved in dry THF 
(118 mL) under nitrogen atmosphere. Triphenylphosphine (6.92 g, 26.3 mmol) was 
added and the solution was stirred for 5 minutes followed by addition of carbon 
tetrabromide (8.75 g, 26.3 mmol). After a while a white precipitate indicating the 
formation of triphenylphosphine oxide could be observed. The resulting mixture was 
stirred overnight under nitrogen atmosphere. The suspension was filtered and the 
filtrate was concentrated under vacuum. The crude residue was purified by column 
chromatography (silica gel, EA/hexane = 1:9) to give compound 5-11 (8.8 g, 90%). 
1
H NMR (500 MHz, CDCl3): δ = 7.35 (2 H, d, J = 7.5 Hz, Ar), 7.14 (4 H, br, Ar), 
6.85 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.96 (2 H, m, CH= C(H2)), 
4.49 (2 H, s, CH2), 4.34 (4 H, br, CH2), 3.94 (2 H, t, J = 6.3 Hz, CH2), 2.05 (2 H, m, 
CH2) 1.79 (2 H, m, CH2), 1.49 (21 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): 
δ = 158.5, 155.9, 139.2, 136.6, 129.6, 129.3, 129.2, 128.7, 128.3, 127.7, 114.5, 114.1, 
80.0, 68.0, 48.7, 48.5, 33.8, 33.3, 29.5, 29.4, 29.34, 29.26, 29.1, 28.9, 28.4, 26.0. ESI 
MS: m/z = 580.1 ([M+Na
+
]); calculated exact mass: 557.25. HR ESI MS: m/z = 
580.2411 ([M+Na
+
]); calculated exact mass for C31H44BrNNaO3: 580.2397. 
Synthesis of 5-12: A mixture of compound 5-11 (8.15 g, 14.6 mmol) and sodium 
azide (1.9 g, 29.2 mmol) was heated to 55 
o
C in DMF (90 mL). After heating 
overnight, the solvent was removed under vacuum and the residue was extracted with 
CHCl3. The organic layer was washed with water, dried over anhydrous Na2SO4, and 
the excess of solvent was then removed under vacuum to give crude compound 5-12 
(6.3 g, 83%), which was used for the next step without further purification. 
1
H NMR 
(500 MHz, CDCl3): δ = 7.28 (2 H, d, J = 8.2 Hz, Ar), 7.22 (4 H, br, Ar), 6.86 (2 H, d, 




J = 8.2 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.97 (2 H, m, C(H)= C(H2)), 4.35 (4 H, 
br, CH2), 4.33 (2 H, s, CH2), 3.94 (2 H, t, J = 6.9 Hz, CH2), 2.07 (2 H, m, CH2), 1.80 
(2 H, m, CH2), 1.49 (21 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 158.5, 
155.9, 139.1, 138.4, 134.2, 129.6, 129.4, 128.7, 128.4, 127.8, 114.5, 114.1, 80.0, 68.0, 
54.5, 48.8, 33.7, 29.5, 29.4, 29.3, 29.2, 29.0, 28.9, 28.4, 26.0. ESI MS: m/z = 543.2 
([M+Na
+
]); calculated exact mass: 520.34. HR ESI MS: m/z = 543.3324 ([M+Na
+
]); 
calculated exact mass for C31H44N4NaO3: 543.3306. 
Synthesis of 5-13: Triphenylphosphine (6 g, 22.9 mmol) and deionised water (0.6 
mL, 33.3 mmol) was added to the RBF containing compound 5-12 (5.97 g, 11.5 
mmol). THF (55 mL) was added to dissolve the mixture which was stirred overnight 
under nitrogen atmosphere. The solvent was removed under vacuum to give a residue 
which was purified by column chromatography (silica gel, MeOH/CHCl3 = 1:20) to 
give compound 5-13 (2.9 g, 52%). 
1
H NMR (300 MHz, CDCl3): δ = 7.28 (2 H, br, 
Ar), 7.18 (4 H, br, Ar), 6.86 (2 H, d, J = 8.5 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.96 
(2 H, m, CH= C(H2)), 4.31 (4 H, br, CH2), 3.94 (2 H, t, J = 6.57 Hz, CH2), 3.86 (2H, 
s, CH2), 2.08 (2 H, m, CH2), 1.82 (2 H, m, CH2), 1.50 (21 H, br, CH2 & Boc). 
13
C 
NMR (125 MHz, CDCl3): δ = 158.4, 155.9, 142.2, 139.1, 136.6, 129.7, 128.7, 127.6, 
127.2, 114.4, 114.1, 79.8, 67.9, 48.5, 46.1, 33.7, 29.4, 29.34, 29.3, 29.2, 29.0, 28.8, 
28.4, 25.9. ESI MS: m/z = 495.0 ([M+H
+
]); calculated exact mass: 494.35. HR ESI 
MS: m/z = 495.3590 ([M+H
+
]); calculated exact mass for C31H47N2O3: 495.3581. 
Synthesis of 5-14: Using the procedure for synthesizing compound 5-8, compound 5-
14 was obtained (4.25 g, 82%) from condensation of compound 5-13 (3.9 g, 8.0 
mmol) with methyl 4-formylbenzoate (1.32 g, 8.0 mmol) followed by reduction with 
NaBH4 (1.53 g, 40.4 mmol). Chromatographic purification was not done at this stage. 
1
H NMR (500 MHz, CDCl3): δ = 8.01 (2 H, d, J = 8.2 Hz, Ar), 7.43 (2 H, d, J = 8.2 




Hz, Ar), 7.30 (2 H, d, J = 7.5 Hz, Ar), 7.15 (4 H, br, Ar), 6.85 (2 H, d, J = 8.8 Hz, Ar), 
5.81 (1 H, m, C(H)= CH2), 4.97 (2 H, m, CH= C(H2)), 4.34 (4 H, br, CH2), 3.94 (2 H, 
t, J = 6.3 Hz, CH2), 3.90 (3 H, s, OCH3), 3.86 (2 H, s, CH2), 3.79 (2 H, s, CH2), 2.06 
(2 H, m, CH2), 1.80 (2 H, m, CH2), 1.50 (21 H, br, CH2 & Boc). 
13
C NMR (125 MHz, 
CDCl3): δ = 166.9, 158.4, 155.9, 145.7, 139.1, 138.9, 136.9, 129.8, 129.7, 129.3, 
128.8, 128.3, 127.9, 127.6, 114.5, 114.1, 79.9, 67.9, 52.9, 52.7, 51.9, 48.6, 48.3, 33.7, 
29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 28.4, 26.0. ESI MS: m/z = 643.3 ([M+H
+
]); 
calculated exact mass: 642.4. HR ESI MS: m/z = 643.4084 ([M+H
+
]); calculated 
exact mass for C40H55N2O5: 643.4105. 
Synthesis of 5-15: Using the procedure for synthesizing compound 5-9, compound 5-
14 (4.13 g, 6.4 mmol) was reacted with Boc2O (2.8 g, 12.8 mmol) and triethylamine 
(1.43 g, 14.1 mmol) to give compound 5-15 (4.1 g, 87%) after purification by column 
chromatography (silica gel, EA/hexane = 1:4). 
1
H NMR (500 MHz, CDCl3): δ = 8.00 
(2 H, d, J = 7.5 Hz, Ar), 7.14 (8 H, br, Ar), 6.85 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, 
C(H)= CH2), 4.96 (2 H, m, CH= C(H2)), 4.44 (8 H, br, CH2), 3.94 (2 H, t, J = 6.95 
Hz, CH2), 3.90 (3 H, s, OCH3), 2.06 (2 H, m, CH2), 1.79 (2 H, m, CH2), 1.50 (30 H, 
br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 166.8, 158.4, 155.9, 155.8, 139.1, 
137.3, 136.6, 129.8, 129.7, 129.3, 129.1, 128.7, 128.1, 127.7, 127.0, 114.4, 114.1, 
80.3, 79.9, 67.9, 51.9, 49.4, 48.7, 48.4, 33.7, 29.4, 29.35, 29.31, 29.2, 29.0, 28.9, 28.4, 
28.3, 25.9. ESI MS: m/z = 765.1 ([M+Na
+
]); calculated exact mass: 742.46. HR ESI 
MS: m/z = 765.4468 ([M+Na
+
]); calculated exact mass for C45H62N2NaO7: 765.4449. 
Synthesis of 5-16: Using the procedure for synthesizing compound 5-10, compound 
5-15 (4.13 g, 5.5 mmol) was reduced by LAH (0.42 g, 11.1 mmol) to give compound 
5-16 (2.49 g, 63%) after purification by column chromatography (silica gel, 
EA/hexane = 3:7). 
1
H NMR (500 MHz, CDCl3): δ = 7.32 (2 H, d, J = 7.5 Hz, Ar), 




7.15 (8 H, br, Ar), 6.86 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.97 (2 H, 
m, CH= C(H2)), 4.67 (2 H, s, CH2), 4.40 (8 H, br, CH2), 3.94 (2 H, t, J = 6.3 Hz, 
CH2), 2.06 (2 H, m, CH2), 1.80 (2 H, m, CH2), 1.50 (30 H, br, CH2 & Boc). 
13
C NMR 
(125 MHz, CDCl3): δ = 158.4, 155.9, 140.0, 139.1, 137.3, 137.2, 137.0, 136.9, 129.7, 
129.3, 128.8, 128.1, 127.6, 127.1, 114.5, 114.1, 80.1, 80.0, 68.0, 64.9, 49.1, 48.8, 
48.4, 33.7, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 28.44, 28.42, 26.0. ESI MS: m/z = 737.2 
([M+Na
+
]); calculated exact mass: 714.46. HR ESI MS: m/z = 737.4502 ([M+Na
+
]); 
calculated exact mass for C44H62N2NaO6: 737.4500. 
Synthesis of 5-17: Using the procedure for synthesizing compound 5-11, compound 
5-16 (2.48 g, 3.4 mmol) was brominated by CBr4 (1.72 g, 5.2 mmol) and PPh3 (1.36 
g, 5.2 mmol) to give compound 5-17 (2.27 g, 86%) after purification by column 
chromatography (silica gel, EA/hexane = 1:4). 
1
H NMR (500 MHz, CDCl3): δ = 7.35 
(2 H, d, J = 7.8 Hz, Ar), 7.17 (8 H, br, Ar), 6.87 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, 
C(H)= CH2), 4.97 (2 H, m, CH= C(H2)), 4.47 (2 H, s, CH2), 4.41 (8 H, br, CH2), 3.95 
(2 H, t, J = 6.3 Hz, CH2), 2.07 (2 H, m, CH2), 1.81 (2 H, m, CH2) 1.51 (30 H, br, CH2 
& Boc). 
13
C NMR (125 MHz, CDCl3): δ = 158.3, 155.75, 155.73, 138.9, 138.3, 137.0, 
136.6, 129.6, 129.2, 129.1, 128.6, 128.2, 127.9, 127.6, 127.5, 114.3, 114.0, 79.9, 79.7, 
67.8, 48.6, 48.3, 33.6, 33.0 29.3, 29.23, 29.19, 29.12, 28.9, 28.7, 28.33, 28.28, 25.9. 
ESI MS: m/z = 799.0 ([M+Na
+
]); calculated exact mass: 776.38. HR ESI MS: m/z = 
799.3663 ([M+Na
+
]); calculated exact mass for C44H61BrN2NaO5: 799.3656. 
Synthesis of 5-18: Using the procedure for synthesizing compound 5-12, compound 
5-17 (0.56 g, 0.72 mmol) was treated with sodium azide (0.09 g, 1.44 mmol) to give 
compound 5-18 (0.47 g, 88%). Chromatographic purification was not done at this 
stage. 
1
H NMR (500 MHz, CDCl3): δ = 7.28 (2 H, d, J = 7.5 Hz, Ar), 7.15 (8 H, br, 
Ar), 6.85 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 H, m, C(H)= CH2), 4.97 (2 H, m, CH= 




C(H2)), 4.41 (8 H, br, CH2), 4.33 (2 H, s, CH2), 3.94 (2 H, t, J = 6.95 Hz, CH2), 2.06 
(2 H, m, CH2), 1.80 (2 H, m, CH2), 1.49 (30 H, br, CH2 & Boc). 
13
C NMR (125 MHz, 
CDCl3): δ =158.4, 155.9, 139.2, 136.8, 134.3, 129.7, 129.3, 128.8, 128.4, 128.1, 
127.6, 114.5, 114.1, 80.2, 79.9, 68.0, 54.5, 49.0, 48.7, 33.8, 29.5, 29.4, 29.35, 29.27, 
29.1, 28.9, 28.5, 28.4, 26.0. ESI MS: m/z = 762.2 ([M+Na
+
]); calculated exact mass: 
739.47. HR ESI MS: m/z = 762.4581 ([M+Na
+
]); calculated exact mass for 
C44H61N5NaO5: 762.4565. 
Synthesis of 5-19: Using the procedure for synthesizing compound 5-13, compound 
5-18 (0.47 g, 0.63 mmol) was reduced by H2O (0.029 g, 1.58 mmol) and PPh3 (0.34 g, 
1.27 mmol) to give compound 5-19 (0.32 g, 72%) after purification by column 
chromatography (silica gel, MeOH/CHCl3 = 1:9). 
1
H NMR (500 MHz, CDCl3): δ = 
7.28 (2 H, d, J = 8.2 Hz, Ar), 7.15 (8 H, br, Ar), 6.85 (2 H, d, J = 8.2 Hz, Ar), 5.81 (1 
H, m, C(H)= CH2), 4.96 (2 H, m, CH= C(H2)), 4.39 (8 H, br, CH2), 3.94 (2 H, t, J = 
6.95 Hz, CH2), 3.87 (2 H, s, CH2), 2.06 (2 H, m, CH2), 1.80 (4 H, br, CH2 & NH2), 
1.50 (30 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 158.4, 155.96, 155.95, 
142.0, 139.2, 137.1, 136.9, 136.6, 129.7, 129.3, 128.72, 128.67, 128.4, 128.1, 127.6, 
127.3, 114.5, 114.1, 80.0, 79.9, 68.0, 48.9, 48.7, 48.4, 46.1, 33.8, 29.5, 29.38, 29.35, 
29.27, 29.1, 28.9, 28.5, 28.4, 26.0. ESI MS: m/z = 714.1 ([M+H
+
]); calculated exact 
mass: 713.48. HR ESI MS: m/z = 714.4848 ([M+H
+
]); calculated exact mass for 
C44H64N3O5: 714.4840. 
Synthesis of  5-20: A mixture of compound 5-5 (0.71 g, 1.45 mmol) and compound 
5-13 (1.44 g, 2.9 mmol) in 1:1 molar ratio was heated in dry toluene (100 mL) to 140 
o
C for 16 hours using a Dean-Stark apparatus under nitrogen atmosphere. The solvent 
was removed under vacuum, and the imine obtained was dissolved in THF (20 mL) 
and MeOH (20 mL) to which NaBH4 (0.27 g, 7.3 mmol) was added in portions. After 




stirring for overnight, the solvent was removed under vacuum leaving a residue which 
was extracted by CHCl3. The organic layer was washed by brine, dried over 
anhydrous Na2SO4, and the solvent was then removed under vacuum leaving a residue 
which was purified by column chromatography (silica gel, MeOH/CHCl3 = 1:19) to 
give compound 5-20 (1.37 g, 65%). 
1
H NMR (500 MHz, CDCl3): δ = 7.21 (4 H, d, J 
= 8.2 Hz, Ar), 7.16 (4 H, d, J = 8.2 Hz, Ar), 7.08 (9 H, br, Ar), 6.81 (2 H, d, J = 8.8 
Hz, Ar), 6.77 (4 H, d, J = 8.2 Hz, Ar), 6.44 (3 H, br, Ar), 5.73 (2 H, m, C(H)= CH2), 
4.88 (4 H, m, CH= C(H2)), 4.29 (8 H, br, CH2), 4.05 (8 H, m, CH2), 3.86 (12 H, br, 
CH2), 3.69 (4 H, s, CH2), 3.65 (4 H, s, CH2), 1.98 (4 H, m, CH2), 1.75 (2 H, br, NH), 
1.71 (4 H, m, CH2), 1.41 (42 H, br, CH2 & Boc). 
13
C NMR (125 MHz, CDCl3): δ = 
159.9, 158.4, 157.8, 155.9, 139.16, 139.13, 136.7, 132.5, 129.8, 129.3, 128.7, 128.3, 
128.0, 127.5, 114.5, 114.4, 114.1, 107.1, 101.8, 79.9, 69.9, 69.8, 67.9, 67.5, 67.4, 
52.7, 52.5, 48.5, 48.3, 33.7, 29.4, 29.34, 29.31, 29.2, 29.0, 28.8, 28.4, 25.9. ESI MS: 




]); calculated exact mass: 1450.91. HR ESI 
MS: m/z = 1451.9158 ([M+H
+
]); calculated exact mass for C90H123N4O12: 1451.9132. 
Synthesis of 5-21: A mixture of compound 5-5 (0.1 g, 0.21 mmol) and compound 5-
19 (0.3 g, 0.42 mmol) in 1:1 molar ratio was heated in dry toluene (70 mL) to 140 
o
C 
for 16 hours using a Dean-Stark apparatus under nitrogen atmosphere. The solvent 
was removed under vacuum, and the imine obtained was dissolved in THF (6 mL) 
and MeOH (6 mL) to which NaBH4 (0.04 g, 1.06 mmol) was added in portions. After 
stirring for overnight, the solvent was removed under vacuum leaving a residue which 
was extracted by CHCl3. The organic layer was washed by brine, dried over 
anhydrous Na2SO4, and the solvent was then removed under vacuum leaving a residue 
which was purified by column chromatography (silica gel, MeOH/CHCl3 = 1:15) to 
give compound 5-21 (0.32 g, 81%). 
1
H NMR (500 MHz, CDCl3): δ = 7.32 (4 H, d, J 




= 7.6 Hz, Ar), 7.26 (4 H, d, J = 8.2 Hz, Ar), 7.18 (17 H, br, Ar), 6.91 (4 H, d, J = 8.8 
Hz, Ar), 6.87 (4 H, d, J = 8.2 Hz, Ar), 6.54 (3 H, br, Ar), 5.82 (2 H, m, C(H)= CH2), 
4.97 (4 H, m, CH= C(H2)), 4.42 (16 H, br, CH2), 4.14 (8 H, m, CH2), 3.95 (4 H, t, J = 
6.3 Hz, CH2), 3.92 (8 H, m, CH2), 3.79 (4 H, s, CH2), 3.75 (4 H, s, CH2), 2.08 (4 H, 
m, CH2), 1.96 (2 H, br, NH), 1.81 (4 H, m, CH2), 1.52 (60 H, br, CH2 & Boc). 
13
C 
NMR (125 MHz, CDCl3): δ = 159.8, 158.3, 157.7, 155.82, 155.79, 139.2, 138.9, 
136.9, 136.5, 132.4, 129.7, 129.1, 128.6, 128.3, 128.2, 127.9, 127.5, 114.44, 114.36, 
114.0, 107.0, 101.7, 79.9, 79.8, 69.8, 69.7, 67.9, 67.4, 67.3, 52.6, 52.4, 48.8, 48.6, 





]); calculated exact mass: 1889.16. HR ESI MS: m/z 
= 945.5885 ([M+2H
+
]); calculated exact mass for C116H158N6O16: 945.5862. 
Synthesis of 5-1 (PF6)4: Compound 5-20 (1.3 g, 0.9 mmol) was dissolved in dry 
DCM (50 mL) under nitrogen atmosphere. Trifluoroacetic acid (2.04 g, 17.9 mmol) 
was added to this solution and stirred overnight. The solvent was removed in vacuum 
and the residue was dissolved in minimum amount of methanol-acetone (2:1, v/v) 
mixture. To this was added a saturated aqueous NH4PF6 solution to yield compound 
5-1 (PF6)4 as a white precipitate. The solution was filtered through Buchner funnel 
and the residue collected was washed with water, dried in vacuum and used for next 
step. Compound 5-1 (PF6)4 was obtained in quantitative yield. 
1
H NMR (500 MHz, 
CD3CN): δ = 7.49 (8 H, br, Ar), 7.42 (8 H, br, NH2
+
), 7.38 (8 H, br, Ar), 7.15 (1 H, t, 
J = 8.2 Hz, Ar), 6.98 (4 H, d, J = 8.8 Hz, Ar), 6.95 (4 H, d, J = 8.8 Hz, Ar), 6.51 (2 H, 
dd, 
3
J = 8.2 Hz, 
4
J = 2.5 Hz, Ar), 6.46 (1 H, t, J = 1.9 Hz, Ar), 5.82 (2 H, m, C(H)= 
CH2), 4.95 (4 H, m, CH= C(H2)), 4.20 (8 H, br, CH2), 4.16 (12 H, br, CH2), 4.08 (4 H, 
t, J = 4.4 Hz, CH2), 3.97 (4 H, t, J = 6.9 Hz, CH2), 3.84 (8 H, m, CH2), 2.04 (4 H, m, 
CH2), 1.76 (4 H, m, CH2), 1.42 (24 H, br, CH2). 
13
C NMR (125 MHz, CD3CN): δ = 




161.3, 161.1, 160.9, 140.3, 133.0, 132.9, 132.8, 131.7, 131.1, 123.4, 122.9, 115.99, 
115.92, 114.7, 108.1, 102.3, 70.5, 70.4, 69.1, 68.7, 68.5, 52.12, 52.08, 51.5, 51.4, 
















); calculated exact 
mass: 1834.69. HR ESI MS: m/z = 626.4084 ([M-2HPF6-2PF6]
2+
); calculated exact 
mass for C80H108N4O8: 626.4078. 
Synthesis of 5-23 (PF6)4: Compound 5-1 (PF6)4 (0.1 g, 0.056 mmol) and DB24C8 
(0.5 g, 1.12 mmol) are dissolved in the mixed solvent (40 mL, CHCl3/CH3CN = 3:1 
(v/v)). The solution was stirred for 24 hours and the solvent was then removed under 
vacuum without heating and then the residue was dissolved in dry DCM (200 mL, 
0.0003 M) under nitrogen atmosphere. 2
nd
 Generation Grubbs catalyst (0.02 g, 0.02 
mmol) was added and the resulting mixture was refluxed for 3 days. The reaction 
mixture was cooled followed by quenching with ethyl vinyl ether. The excess solvent 
was removed in vacuum and the residue was subjected to column chromatography 
(silica gel, MeOH/CHCl3 = 1:4 (v/v)) to give the desired product 5-23 (PF6)4 (0.04 g, 
20%). 
1
H NMR (300 MHz, CDCl3): δ = 7.37 (8 H, br, NH2
+
), 7.24 (8 H, d, J = 8.0 Hz, 
Ar), 7.13 (1 H, t, J = 8.0 Hz, Ar), 6.94 (8 H, br, Ar), 6.77 (40 H, br, DB & Ar), 6.52 (2 
H, br, Ar), 6.49 (1 H, br, Ar), 5.37 (2 H, br, C(H)=C(H)), 4.54 (8 H, br, C(H2)NH2
+
), 
4.36 (8 H, br, C(H2)NH2
+
), 4.12-3.46 (116 H, br, DB & CH2), 1.96 (4 H, br, CH2), 
1.76 (4 H, m, CH2), 1.29 (24 H, br, CH2). 
13
C NMR (125 MHz, CDCl3): δ =159.9, 
159.6, 159.3, 147.4, 132.3, 130.64, 130.58, 130.3, 129.8, 129.6, 124.1, 123.6, 121.3, 
114.6, 114.4, 112.49, 112.46, 107.1, 101.9, 70.8, 70.2, 69.8, 69.7, 67.9, 67.5, 67.4, 
52.0, 51.7, 32.5, 29.7, 29.5, 29.4, 29.3, 29.1, 25.9. ESI MS: m/z = 755.61 ([M-4PF6
-










); calculated exact mass: 3599.50. EA: 
C174H234F24N4O40P4 requires C 58.03, H 6.55, N 1.56; found C 57.60, H 6.38, N 1.66. 
Synthesis of 5-2 (PF6)6: Compound 5-21 (0.32 g, 0.17 mmol) was dissolved in dry 
DCM (18 mL) under nitrogen atmosphere. Trifluoroacetic acid (0.77 g, 6.77 mmol) 
was added to this solution and stirred overnight. The solvent was removed in vacuum 
and the residue was dissolved in minimum amount of trifluoroacetic acid. To this was 
added a saturated aqueous NH4PF6 solution to yield compound 5-2 (PF6)6 as a white 
precipitate. The solution was filtered through Buchner funnel and the residue 
collected was washed with water, dried in vacuum and used for next step. Compound 
5-2 (PF6)6 was obtained in quantitative yield. 
1
H NMR (500 MHz, CD3SOCD3): δ = 
7.48 (16 H, br, Ar), 7.37 (8 H, br, Ar), 6.98 (8 H, br, Ar), 6.50 (3 H, br, Ar), 4.09 (br, -
OCH2 peaks overlap with broad solvent peak), 1.66 (4 H, br, CH2), 1.27 (24 H, br, 
CH2). 
13
C NMR (125 MHz, CD3SOCD3): could not be observed even after scanning 
for long time, because of poor solubility. ESI MS obtained after neutralization of 5-2
(PF6)6 with NaOH (aq), found: m/z = 1489.7 ([M+H
+
]); calculated exact mass: 
1488.95. EA: for neutral compound, C96H124N6O8 requires C 77.38, H 8.39, N 5.64; 
found C 77.24, H 8.51, N 5.95. 
Synthesis of 5-2 (BPh4)6: Compound 5-2 (PF6)6 was neutralised with NaOH (aq) 
and extracted with CHCl3. The solvent was removed and the residue obtained was 
dissolved in minimum amount of trifluoroacetic acid. To this was added equivalent 
amount of NH4BPh4 (in aqueous acetone) to yield 5-2 (BPh4)6 as a white precipitate. 
The solution was filtered through Buchner funnel and the residue collected was dried 
in vacuum. Compound 5-2 (BPh4)6 was obtained in quantitative yield. 
1
H NMR (500 
MHz, CD3OD): δ = 7.55 (br, BPh4 peaks overlap with aromatic protons of thread), 
7.38 (br, BPh4 peaks overlap with aromatic protons of thread), 7.12 (1 H, br, Ar), 6.91 




(8 H, br, Ar), 6.61 (3 H, br, Ar), 4.23 (44 H, br, CH2), 1.70 (4 H, br, CH2), 1.40 (24 H, 
br, CH2). 
13
C NMR (125 MHz, CD3OD): δ = 163.4, 163.3, 163.2, 163.1, 163.0, 162.9, 
161.6, 134.8, 134.4, 134.0, 133.8, 132.6, 131.85, 131.77, 131.1, 130.7, 130.4, 129.9, 
129.8, 128.6, 120.5, 116.8, 116.5, 116.2, 116.1, 71.1, 70.9, 70.8, 69.1, 68.7, 68.6, 
51.7, 51.6, 51.1, 40.2, 33.0, 30.7, 30.4, 30.2, 27.0, 26.8. ESI MS obtained after 
neutralization of 5-2 (BPh4)6 with NaOH (aq), found: m/z = 1489.7 ([M+H
+
]); 
calculated exact mass: 1488.95. EA: for neutral compound, C96H124N6O8 requires C 
77.38, H 8.39, N 5.64; found C 77.24, H 8.51, N 5.95. 





Conclusion and Outlook 
 
      This thesis described the template-directed synthesis of mechanically interlocked 
molecules (MIM) such as rotaxanes and molecular necklaces. The template-directed 
approach has been used in conjunction with the dynamic covalent chemistry (DCC) 
for the successful synthesis of these mechanically interlocked molecules. Our 
synthetic strategy utilized the dynamic covalent chemistry of ring closing olefin 
metathesis, for the final interlocking step. This thesis work answered some 
fundamental questions for simple interlocked systems as well as described the 
synthesis of some novel supramolecular architecture. 
      In chapter 2, the ability of DBA
+
 dumbbell to form [2]rotaxanes with less than 
[24]crown ethers have been investigated in order to correlate the spatial requirement 
of the ammonium moiety of DBA
+
 with the size of the encircling crown ether. The 
investigation hinges on template-directed ring-closing olefin metathesis using 2
nd
 
generation Grubbs catalyst, known as the clipping approach. A series of acyclic 
diolefin polyethers 2-(2a-f) and DBA
+
 dumbbell 1-1 PF6 were prepared by 
conventional organic synthesis. Compound 1-1 PF6 was mixed independently with 
two equivalents of each of the acyclic diolefin polyethers 2-(2a-f) and treated with 
Grubbs’s 2nd generation catalyst under refluxing condition in strictly dry 
dichloromethane for 60 hours, to generate [2]rotaxanes. The [2]rotaxanes obtained on 
DBA
+
 are 2-8b PF6, 2-8c PF6, 2-8d PF6, 2-9b PF6, 2-9c PF6 and 2-9d PF6, which 
incorporate 20C6, 21C6, 22C6, 20C6H2, 21C6H2, and 22C6H2 crown ethers 
stoppered with the benzene rings. In addition, we have also obtained three 1:1 




pseudorotaxanes 2-8f PF6, 2-9e PF6 and 2-9f PF6 with reasonably high association 
constant values, involving DBA
+
 threaded with 23C6H2, 23C7 and 23C7H2 crown 
ethers respectively. All the nine threaded molecules obtained involved DBA
+
 and the 
crown ethers having less than 24 atoms, in sharp contrast to the widely acclaimed 
phenomenon of requiring at least 24 atoms macrocycle for encircling DBA
+
 motif. 
The smallest crown ether encompassing the DBA
+
 was found to be 20C6. These 
threaded and interlocked species are well defined and well characterized. 
      In chapter 3, the ability of 19C5 to encircle DBA-based dumbbells has been 
investigated. For this purpose, two acyclic diolefin polyethers (3-6 and 3-7), DBA 
hexafluorophosphate 1-1 PF6 and three DBA-based dumbbells (3-1 PF6, 3-2 BAr4, 
and 3-3 PF6) have been prepared. The [2]rotaxane synthesis was attempted by ring 
closing metathesis of two equivalents of each of 3-6 and 3-7 independently in 
presence of the dumbbells 1-1 PF6, 3-1 PF6, 3-2 BAr4, and 3-3 PF6 using Grubbs’s 
2
nd
 generation catalyst. The much anticipated synthesis of [2]rotaxane incorporating 
19C5 failed. It has also been found that acyclic diolefin precursor (2-2a) for 19C6 
decomposes in presence of DBA
+
, thus eluding the synthesis of interlocked structure 
of [19]crown ether with DBA or DBA-based dumbbells. Therefore, the 20C6 
macrocycle remains the smallest so far to encircle the -NH2
+
- moiety. 
      Chapter 4 described the smallest stopper that can be effectively used to generate a 
[2]rotaxane for the given 20C6 macrocycle. The stopper groups investigated for the 
20C6 are methyl, monofluoromethyl and trifluoromethyl. Dialkylammonium 4-1 PF6 
and N-benzylalkylammonium (4-5 BAr4 and 4-6 BAr4) dumbbells were synthesized 
and mixed independently with two equivalents of 2-2b, followed by ring closing 
metathesis with Grubbs’s 2nd generation catalyst under refluxing condition in strictly 
dry dichloromethane for 60 hours. The formation of [2]rotaxanes 4-12 PF6, 4-




13 BAr4 with methyl and fluorinated methyl stoppers respectively could be detected 
by low-resolution ESI-MS, however could not be isolated. Nevertheless, the 
[2]rotaxane 4-14 BAr4 formed on interlocking 20C6 with the dumbbell 4-6 BAr4 
could be isolated in good yield. The presence of strong electron-withdrawing 
trifluoromethyl group on one side of the dumbbell 4-6 BAr4 not only enhances the 
templating effect but also acts as a stopper for the formation of the [2]rotaxane 4-
14 BAr4 encircled with 20C6. The other dumbbells 4-1 PF6 and 4-5 BAr4 with less 
electron-withdrawing groups and smaller sizes cannot efficiently template the 
formation of [2]rotaxanes. The [2]rotaxane 4-14 BAr4 represents a kinetically stable 
[2]rotaxane with the smallest macrocycle and stopper reported so far. 
      Chapter 5 reports for the first time the template-directed synthesis of a well-
defined, thermodynamically and kinetically stable [5]molecular necklace. The 
methodology employed to obtain [5]molecular necklace was “threading-followed-by-
ring-closing-metathesis”. A thread 5-1 (PF6)4, containing four DBA
+
 motifs along 
with terminal olefins, was prepared by conventional organic synthesis, which 
underwent threading with excess DB24C8 to form pseudo[5]rotaxane, 5-22 (PF6)4. 
Ring closing metathesis of 5-22 (PF6)4 was performed with Grubbs 2
nd
 generation 
catalyst, in strictly dry dichloromethane, resulting in the formation of the [5]molecular 
necklace 5-23 (PF6)4 in reasonably good yield. The successful synthesis of 
[5]molecular necklace utilized DBA
+
/DB24C8 template for the pseudorotaxane 
formation 5-22 (PF6)4. Riding on the success of [5]molecular necklace, we went a 
step further and attempted to synthesize [7]molecular necklace using the same 
protocol. This led to the synthesis of another thread 5-2 (PF6)6 with olefin at both 
ends but having six DBA
+
 along the thread. However, the extreme poor solubility of 
the thread 5-2 containing six secondary ammonium ions limits the self-assembly 




process with DB24C8 in any common medium even after the typical PF6- counter 
anion was replaced with a more lipophilic BPh4- anion. Although the poor solubility 
of the thread remains the bottleneck for making higher order molecular necklaces yet 
this approach of “threading-followed-by-ring-closing-metathesis” can be extended to 
construct a variety of molecular necklaces based on different kinds of recognition 
sites, lipophilic counter ions, and macrocycles. 
      The breakthrough made by us in the context of DBA
+
/crown ether template, 
focussed on the synthesis of the [2]rotaxane with the smallest cavity-sized crown 
ether for DBA
+
. On a similar note, it is worth trying to synthesize [2]rotaxane by 
minimizing the cavity size of the complimentary macrocycle for other synthons such 
as paraquat, biphenol, hydroquinone, napthaquinone using clipping method and 
eventually arrive at the smallest possible interlocked structures in terms of the number 
of atoms and molar mass for each complimentary system. The reversibility aspect of 
DCC involved in the clipping methodology is expected to facilitate the formation of 
the [2]rotaxane in each case in high yields. Moreover, we can do away with bulky 
stopper groups as typically used for the synthesis of [2]rotaxanes. Furthermore, the 
threshold requirement (in terms of steric and stabilizing interactions) for effective 
interlocking of two components can be understood. 
      Subsequently, the smallest stopper group for a given macrocycle 20C6 was 
investigated with trifluoromethyl group emerging as an effective stopper group for the 
[2]rotaxane. Based on this observation, [2]rotaxane stoppered both side with 
trifluoromethyl groups could be synthesized which will definitely be the smallest 
[2]rotaxane in terms of the number of atoms and molar mass of the cationic part. 
Likewise, minimization of stopper groups of other dumbbells for their respective 
complimentary macrocycles can be done. 




      These fundamental understandings in the simple [2]rotaxanes can be of great help 
in designing molecular machines. 
      There is very scarce literature on the synthesis of molecular necklaces and our 
research reports the only well-defined, homogeneous, kinetically and 
thermodynamically stable molecular necklace ([5]MN) till date. The synthesis was 
based on the well-known DBA
+
/DB24C8 template. It would be interesting to try to 









developed by us for the synthesis of molecular necklaces. By utilizing these 
templates, we might possibly obtain molecular necklaces of higher orders. We may 
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